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ABSTRACT
Petrogenetic Study of the Porcupine Lake Mafic Intrusive 
Complex, Trinit) Terrane, Northern California
By
Edward R. Muller
Dr. Rodney V. Metcalf, Examination Committee Chair 
Professor o f  Geoscience 
University o f  Nevada, Las Vegas
The Early Devonian (404 ± 3 Ma) Porcupine Lake mafic intrusive complex o f  the 
Trinity terrane consists primarily o f ultramafic-mafic plutonic and dike lithologies. The 
plutonic rock forms steep intrusive contacts with adjacent Ordovician peridotite, and 
consists o f  basal layered peridotite, cumulate clinopyroxenite, and isotropic gabbro. 
East-west trending mafic-to-felsic aphanitic dikes intrude the plutonic rocks, with high 
dike concentrations (>80%) in the southern portion o f  the complex.
Gabbro and mafic dikes display subduction-related enrichment o f  light-ion 
lithophile elements and high degrees o f  depletion o f high-field strength elements (Nb, Ta 
= 0.1 NMORB). Trace element mixing models indicate gabbro and mafic dikes are 
derived from a residual mantle source with enrichment by small amounts o f slab-derived 
aqueous fluids and pelagic sediments. Mafic dikes are also enriched by fertile MORB 
(asthenospheric) mantle. Subduction zone enrichment o f a depleted mantle source 
suggests the Porcupine Lake mafic intrusive complex formed in a forearc tectonic setting.
Ill
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CHAPTER I
INTRODUCTION 
The Porcupine Lake mafic intrusive complex (PLMIC) is a small igneous 
intrusive body, consisting mostly o f ultramafic cumulate and mafic differentiate rocks, 
exposed within the Trinity terrane in the Eastern Klamath Mountains. Trinity and Shasta 
Counties, California. The Early Devonian PLMIC (Wallin and Metcalf, 1998) along with 
several other Silurian to Early Devonian mafic intrusive complexes (M IC's) intruded 
upper Ordovician peridotite. Mafic dike swarms are associated with some MIC's, and 
pillow basalts are found scattered throughout the Trinity terrane. The combined 
lithologie association o f  peridotite, mafic intrusive rocks, dike swarms, and pillow lavas 
are characteristic o f  ophiolites. Ophiolites are generally considered to form by ocean- 
floor extension followed by tectonic emplacement onto continents. Many ophiolites 
(e.g., Troodos) exhibit geochemical characteristics which suggest formation above an 
active subduction zone, and not at a mid-ocean ridge (Pearce et al., 1984). Several 
mutually exclusive models for the origin o f  the Trinity terrane have been proposed: (1 ) 
mantle diapir (Quick, 1981); (2) oceanic lithosphere formed at a mid-ocean ridge 
(Boudier et al., 1989); (3) backarc-basin lithosphere (Brouxel and Lapierre, 1988); and 
(4) volcanic arc basement (Wallin et al., 1995; Gruau, 1995). Wallin and M etcalf (1998) 
recently suggested the Trinity terrane represents a supra-subduction zone (SSZ) ophiolite 
formed in a trench-proximal position o f  a nascent island-arc complex. Correct
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interpretation o f the petrogenetic history o f the mafic intrusive complexes is critical to 
understanding o f the tectonic environment o f the Trinity terrane. This study focuses on 
the petrologic and geochemical characteristics o f the PLMIC to determine ( 1 ) its 
petrogenetic history, (2 ) if  its petrogenesis is consistent with formation in a mid-ocean 
ridge (MOR) or in a supra-subduction zone (SSZ) tectonic setting, and (3) in what part o f 
the SSZ transect (forearc, arc, or backarc) it may have formed.
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CH.APTER 2
REGIONAL GEOLOGY 
The Eastern Klamath Mountains 
The Trinity terrane occupies an extensive area o f  the eastern Klamath Mountains, 
forming an east-dipping sheet (Lipman, 1964) that is sandwiched between the Eastern 
Klamath terrane to the southeast and the Central Metamorphic and Yreka terranes to the 
west and northwest (Fig. 2.1). Recent work indicates that these lithotectonic elements 
represent a transect of a mid-Paleozoic arc-trench system (Wallin and Trabert, 1994; 
Wallin and Gehrels, 1995; Wallin and Metcalf, 1998). Below is a review o f each o f these 
lithoteconic elements.
Central Metamorphic terrane
The Central Metamorphic terrane (Fig. 2.1) comprises mostly greenschist to amphioolite 
facies metabasites and metasedimentary rocks and has been interpreted as the lower plate 
o f  an east-dipping Devonian subduction zone (Lanphere et al., 1968; Peacock and Norris, 
1989). Several lines o f evidence support this interpretation. First, an inverted 
metamorphic gradient occurs in the Central Metamorphic terrane, with metamorphic 
grade decreasing away from its thrust contact with the overlying Trinity terrane (Peacock 
and Norris, 1989). Peacock (1987) suggests an inverted metamorphic gradient forms by 
rapid subduction (—10 cm/yr.) beneath young oceanic lithosphere (<10 Ma) which results
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in rapid heat conduction downward from the hanging wall and creation o f inverted 
thermal gradients in the top portion o f  the downgoing slab. Second, extensive hydration 
and metasomatism are found in the hanging wall (the Trinity peridotite) adjacent to the 
Central Metamorphic terrane (Peacock and Norris, 1989). Prograde metamorphism o f a 
downgoing slab releases fluids, which will rise owning to buoyancy forces and cause 
hydration and metasomatism o f  the overlying plate. Third, rocks o f  the Central 
Metamorphic terrane yielded a ‘‘°Ar/^‘’Ar whole rock metamorphic age o f  370 ± 20 Ma 
(Cashman, 1980), ages similar to formation ages o f volcanic rocks in the Eastern 
Klamath terrane. And finally, geophysical data indicates the Central Metamorphic 
terrane continues east o f the Trinity thrust at depth beneath the Trinity and Eastern 
Klamath terranes (Fuis et al., 1987).
Yreka terrane
The Yreka terrane (Figure 2.1 ) consists of terrigenous metasedimentary rocks and 
is considered a trench-forearc basin deposit related to Early Devonian subduction. 
(Wallin and Gehrels, 1995). Volcaniclastic sediments found in the Gazelle Formation of 
the Yreka terrane were probably derived from the Eastern Klamath terrane (Wallin and 
Trabert, 1994) or the volcanic cover o f  the Trinity terrane (Wallin and Gehrels, 1995). 
Detrital zircons from near the base o f  the Yreka terrane yield U-Pb ages o f 410-420 Ma 
and are thought to have been derived from rocks o f the Trinity terrane (Wallin and 
Gehrels, 1995).
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Eastern Klamath terrane
The Eastern Klamath terrane (Figure 2.1). consisting primarily o f  Devonian to 
Jurassic sedimentary and metavolcanic rocks, has been well studied because o f the 
massive sulfide deposits in the Devonian igneous rocks (Albers and Bain, 1985). The 
Copley Greenstone consists mainly o f massive basalt and andésite flows and pyroclastic 
deposits overlain by pillow lavas (Lapierre et al., 1985). The greenstone is overlain by the 
Balaklala Rhyolite, which consists mostly of pyroclastic rocks (Lapierre et al., 1985). 
These volcanic units are intruded by the cogenetic Mule M ountain stock (Barker et al.,
1979; Bence and Taylor, 1985), that yielded a U-Pb zircon age o f 400 ± 3 Ma (Albers et 
al., 1981). Copley basaltic rock consists mostly o f low-K tholeiite and boninite, with low 
overall REE abundances and are enriched in Rb, Ba, and Th relative to Nb, Ti, and Zr 
(Brouxel et al.. 1987). The Copley-Balaklala-Mule M ountain system yields 8 \dJ00 values
o f -3 .8  to 4-7.9, with most values in the +6.5 to +7.5 range (Kistler et al., 1985; Brouxel 
et al., 1987). The Copley-Balaklala-Mule Mountain system has been interpreted as a 
Silurian (?) to Early Devonian intraoceanic volcanic sequence (Lapierre et al, 1985).
The Trinity terrane
The Trinity terrane represents the largest exposure o f ultramafic rock in North 
America (Coleman, 1986), and consists o f three major lithologie units: (1 ) a 
Neoproterozoic tectonite assemblage; (2) an Ordovician m antle assemblage; and (3) 
Silurian to Early Devonian mafic intrusive complexes (Figures 2.1 and 2.2). Aphanitic 
dike swarms are associated with some o f  the intrusive complexes, and undated, mafic
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pillow metabasalts occur locally throughout the terrane and appear to overlie it (Wagner 
and Saucedo, 1987). The metabasalts are mapped provisionally as Copley Greenstone 
(Wagner and Saucedo, 1987). Several Mesozoic dioritic and granitic plutons intrude the 
Trinity terrane. (Figures 2.1 and 2.2)
Neoproterozoic tectonite assemblage
The Neoproterozoic tectonite assemblage is exposed in the northwestern portion 
o f the Trinity terrane adjacent to the Yreka terrane (Fig. 2.2). U-Pb zircon ages o f 556- 
579 Ma are reported for the tectonite, which is interpreted as a fragment o f older, oceanic 
lithosphere (Wallin et al., 1995).
Mantle assemblage
The mantle assemblage (Ordovician peridotite. Fig. 2.2) is the largest unit o f  the 
Trinity terrane and consists o f  harzburgite, dunite, and minor plagioclase Iherzolite and 
chromite pods (Quick, 1981; Lindsley-Griffin, 1991). The peridotite exhibits high 
temperature ductile deformation fabrics and is weakly to strongly serpentinized (Quick,
1981 ). Jacobsen et al. (1984) obtained a Sm-Nd mineral isochron age o f 472±32 Ma and 
initial e of+10.4± 0.4 for a plagioclase Iherzolite east o f China Mountain (Fig. 2.2),
and interpreted the plagioclase Iherzolite as suboceanic lithospheric (MORB) mantle. 
Quick (1981) interpreted the plagioclase Iherzolite as a mantle diapir derived from a 
minimum depth o f 30 km. The mantle assemblage is in fault contact with the 
Neoproterozoic tectonite assemblage (Wallin et al., 1995).
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Mafic intrusive complexes
Eight major and several smaller Silurian to Early Devonian mafic intrusive 
complexes are recognized in the Trinity terrane (Figure 2.2) and consist mostly o f 
intrusive pyroxenite, gabbroic plutons, and aphanitic dike swarms. The pyroxenite 
exhibits clear intrusive relationships with the surrounding peridotite (Wallin and Metcalf, 
1998). The gabbroic plutons are mostly coarsely crystalline to pegmatitic. and comprise 
pyroxene gabbro, hornblende gabbro, hornblende tonalité, and trondhjemite; associated 
cumulate rocks include dunite, pyroxenite, and wehrlite (Quick, 1981; Lindsley-Griffin, 
1991; this study). U-Pb zircon age data from pegmatitic gabbros from the Bonanza King 
(431 ± 3 Ma) and Porcupine Lake (404± 3 Ma) mafic intrusive complexes indicate a 
spectrum o f Early Silurian to Early Devonian crystallization ages (Wallin and Metcalf, 
1998). Intrusive relationships between the plutons and surrounding peridotite are 
reported (Quick, 1981; Peterson et al., 1991; Cannat and Lécuyer, 1991; this study). 
East-west trending, aphanitic dike swarms intrude the B illy’s Peak (Peterson et al., 1991 ), 
Bonanza King (Willse et al., 1999), Flume Creek (Wallin and Metcalf, 1998) and Mt. 
Bradley (Wallin and Metcalf, 1998) plutons (Figure 2.2), and are found in the upper level 
o f  the PLMIC. Dike swarms exhibit a wide range o f compositions, including basalt, 
basaltic andésite, dacite, trondhjemite, and Na-rhyolite.
Similar geochemical characteristics are reported for all o f the gabbro plutons 
(Lapierre et al., 1985; Brouxel and Lapierre, 1988; Cannat and Lécuyer, 1991; Peterson 
et al., 1991; Willse, 1998; Metcalf et al., in press; this study) and for the mafic dikes 
(Brouxel and Lapierre, 1988; Peterson et al., 1991; Willse et al., 1998; M etcalf et al., in 
press; this study). These characteristics include (1) low chondrite-normalized REE
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abundances (<10x chondrite) with LREE depleted relative to HREE (Las/Ybs <0.6), (2) 
elevated Ba/'La (normalized values up to 6 ), and (3) low TiOz (< 1.0 wt. % for isotropic 
gabbros). These signatures suggest an island-arc setting for the gabbro plutons and dike
swarms.
Pillow basalts
Undated and undeformed metabasalts, metadacites and associated feeder dikes 
occur as isolated outcrops throughout much o f  the Trinity terrane and appear to overlie all 
the other units (Wallin and M etcalf 1998). Many o f the basalts exhibit pillow structures. 
These metavolcanic rocks are provisionally mapped as Copley Greenstone (cf., Wagner 
and Saucedo, 1987).
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CP = Craggy Peaks; F= Flume Creek; M = Mount Bradley; PL = Porcupine Lake; 
SL = Seven Lakes.
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CH.APTER 3
METHODS 
Mapping and sample collection 
The field area was mapped at a scale o f 1:24000 (Plate I), to identify the 
lithologie units, their relationships with each other and the surrounding country rock, and 
to provide a macroscopic framework for geochemical study. From the field area, twenty- 
nine samples were collected for petrologic study and geochemical analysis. Samples are 
from a large spatial area (Plate 1 ) to identify any variation that may exist within the 
pluton. Samples are representative o f their rock type and include both cumulate and 
isotropic samples. Approximately 1.0-3.0 kg o f fresh, unweathered samples were 
collected for each analysis and noticeably altered samples were avoided. Sample 
locations are shown on Plate 1.
Petrography
I used microscopic petrography techniques to (1) aid in the classification o f rocks; 
(2) distinguish between rocks o f primary magma or cumulate compositions, (3) aid in 
understanding compositional and textural variations across the Porcupine Lake pluton,
(4) determine the order o f  mineral crystallization, and (5) determine the extent and degree 
o f  metamorphic alteration. Pétrographie analyses were critical in determining
11
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groundmass mineralogy o f aphanitic dikes and also in removing the most highly altered 
samples from consideration for trace element geochemistry.
Geochemistry
Twenty-nine samples were analyzed for major element oxides and for Zr, Cr. Ni. 
Sr. Y. and Nb using X-ray fluorescence (XRF). Nineteen o f these samples were analyzed 
for 26 trace elements using inductively coupled plasma source mass spectrometry (ICP- 
MS). Radiogenic isotope analyses (Sr, Nd, and Pb systems) were completed on five 
samples using thermal ionization mass spectrometry (TIMS). Geochemical techniques 
were completed exclusively on whole rock samples, using approximately 250 grams of 
rock. Samples were split for two separate grinding and crushing processes, with samples 
for analysis by XRF crushed by a tungsten-carbide jaw  crusher then ground to a fine (<70 
microns) powder in a tungsten-carbide shatterbox. Samples for analysis by ICP-MS and 
TIMS were crushed by and ground in similar equipment with steel crushing and grinding 
surfaces. After crushing, each chip was visually inspected and chips with obvious 
alteration were discarded before grinding.
Samples for XRF analyses were processed into fused glass disks by mixing 
1.7 g sample, 8.5 g lithium tetraborate (LiiBjO?) flux, and 0.274 g ammonium nitrate 
(NTI4N O 3), placed in Au/Pt crucibles, and fused in a 1 lOO^C muffle furnace for 30 
minutes. The resultant melt was then poured into a Au/Pt mold. All fused discs were 
stored in dessicators prior to analysis.
XRF analysis o f  major element oxides and o f  Zr, Cr, Ni, Sr, Y, and Nb using a 
Rigaku 3030 X-ray Spectrometer were completed at the University o f  Nevada, Las
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Vegas. Replicate analyses were performed on several different prepared standards to 
assess both instrumental precision and accuracy (as compared to published values). 
Precision and accuracy o f  XRF analyses is given in Appendix C, Part 2. Major element 
abundances for samples with greater than 65 wt.% SiO: were adjusted using the matrix 
correction program o f E. Smith and A. Sanchez (personal communication, 1998).
Loss on ignition (LOI) was detennined for each sample. Three to four grams o f  
sample was initially weighed, heated in ceramic crucibles at 950°C for two hours, cooled 
in the oven gradually to 300°C, then cooled to room temperature under desiccation. The 
sample was then weighed and LOI was determined using the formula given in Appendix 
D.
Trace elements were analyzed using the Sciex Elan model 250 ICP-MS at the 
GeoAnalytical Laboratory at Washington State University. Analytical methods are 
reported on the WSU web page (Knaack et al., 1994). Precision and accuracy o f  ICP-MS 
analyses are given in Appendix C, Part 3.
Sr, Y, and Nb abundances by both XRF and ICP-MS analysis is given in 
Appendix C, Part 1 . Because the precision and accuracy o f  the ICP-MS analysis is better 
than the XRF analysis (Appendix C, Parts 1, 2), ICP-MS data for Sr. Y, and Nb is used in 
this study for geochemical and petrologic interpretation.
Isotopic analyses were completed at the Isotopic Geochemistry Laboratory at the 
University o f Kansas. Samples were dissolved in a HF/HNO3 mixture in a sealed bomb 
at about 180°C, then spiked for Pb, Sr, Sm, and Nd. Pb was separated using conventional 
HBr method, and REE and Sr separated using standard cation exchange. Separation o f 
Sm and Nd was accomplished by the HDEHP-on-Teflon-Bead method of White and
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Patchett (1984). Isotopic analyses were carried out a VG Sector 54 mass spectrometer, 
with samples for Sr and Sm analysis loaded on single Ta filaments; and samples for Nd. 
Pb isotopic composition and Pb isotopic dilution loaded on single Re filaments. Sr 
isotopic compositions are normalized for Sr^^" Sr*^  ^ = 0.1194 and referenced to NBS 987 
Sr^V Sr^^ = 0.710250. Reproducibility o f  Sr values is better than iO .000020 based on 
replicate runs o f  NBS 987. Nd isotopic compositions are normalized to N d‘‘“’.'Nd''”  =
0.511850. Epsilon Nd values are calculated using Nd'"'"'/ Nd'"*"^  =0.512638. 
Reproducibility o f  Enci values is about 0.25 based on replicate analyses o f LaJolla and in- 
house standards. Pb isotopic analyses are referenced to NBS 981 (common Pb) Pb‘° '/ 
Pb"°‘' = 0.91464 and are corrected for 0.10% atomic mass unit (amu) fractionation. 
Fractionation uncertainty is =0.05% amu.
Greenschist Facies Metamorphism 
Most rocks o f the PLMIC are altered to greenschist facies, with zoisite and 
epidote replacing plagioclase, actinolite commonly replacing clinopyroxene. and 
serpentine replacing olivine. Zoisite and actinolite is a typical epidote-rich greenschist 
assemblage (Humphris and Thompson, 1978). Greenschist facies metamorphism may 
alter the abundance o f  most major and many trace elements, making basalt-type 
characterizations suspect (Floyd and Winchester, 1975). Several studies (Pearce, 1996, 
and references therein) report the general immobility up to and including greenschist 
facies o f many elements, including Sc, Ti. Y, Zr, Nb, Hf, Ta, Th, and the REE’s. This 
study primarily makes use o f these immobile elements for geochemical and petrologic 
interpretation.
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CH.4PTER 4
FIELD RELATIONS 
Introduction
The Porcupine Lake MIC crops out as an elongate, roughly oval area 
approximately 19 by 5 km (Fig. 2.2 and Plate 1), located in the north-central portion o f  
the Trinity terrane (Fig. 2.2) within Ordovician peridotite. Four intrusive phases formed 
the Porcupine Lake MIC and include I) an intrusive pyroxenite, (2) an ultramafic layered 
sequence, (3) a clinopyroxenite and gabbro pluton, and (4) aphanitic dikes. A Mesozoic 
diorite pluton intrudes the northeastern margin of the Porcupine Lake MIC.
Mapping o f  the northern two-thirds o f the field area was performed the author. 
Mapping and descriptions,of the following units: intrusive pyroxenite (pxi), dike swarm 
(ds). tonalité (ton), peridotite with high dike concentrations (pd). and gabbro with high 
dike concentrations (Dgd) was accomplished by Dr. E.T. Wallin (personal comm., 1999) 
(Plate I). The following section describes map units (Plate 1) and the rock lithologies 
within each unit. Late stage east-west trending dikes are found throughout the pluton, but 
are concentrated in the southern portion o f  the Porcupine Lake MIC. Several map units 
based on concentration o f dikes and the nature of the host lithology are identified.
15
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Map Units and Rock Lithologies 
Mantle Assemblage: Ordovician Peridoiiie (Op)
The Trinity terrane Ordovician peridotite hosts the Porcupine Lake MIC (Plate I). 
The peridotite consists largely o f dunite, harzburgite, and minor Iherzolite, plagioclase 
Iherzolite. and chromite pods (Quick, 1981). The peridotite surrounds the Porcupine 
Lake MIC, and also occurs as isolated xenoliths, ranging from a few to several hundreds 
o f meters in size, within both the clinopyroxenite and gabbro units. The original 
mineralogy o f the dunite is olivine and minor orthopyroxene, ± clinopyroxene, and the 
original mineralogy o f the Iherzolite and harzburgite is olivine, orthopyroxene, 
clinopyroxene, ± chromite, and ± spinel (Quick, 1981). The peridotite exhibits ductile 
deformational fabrics and varies from weakly to strongly serpentinized. In some areas 
the peridotite exhibits weak, centimeter scale layering, the layers defined by more 
resistant, pyroxene-rich material, with layers dipping to the northwest or northeast 
(Appendix A, Part 1). Peridotite xenoliths (pd. Plate 1) tend to form resistant, blocky 
outcrops within the clinopyroxenite or gabbro. Exteriors o f the xenoliths contained 
within plutonic rock near intrusion contacts tend to be more serpentinized than the 
interiors o f  the xenoliths.
Intrusive Pyroxenite Unit: Pyroxenite (pxi)
Pyroxenite that forms the early intrusive phase consists o f  cumulate olivine 
clinopyroxenite and occurs as an intrusive stock in the southwestern portion o f the 
Porcupine Lake MIC. Cumulate olivine clinopyroxenite comprises medium to coarse 
crystalline clinopyroxene, serpentinized olivine, and inter-cumulus minerals altered to
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serpentine. Sharp and steep contacts between pyroxenite and Ordovician peridotite occur 
along the western margin o f the stock (Plate 1 ). Peridotite xenoliths occur within the 
stock. Contacts benveen the pyroxenite stock and gabbro are also steep, and pyroxenite 
.xenoliths occur in the adjacent gabbro.
Gabbroic Pluton Units: Layered Peridotite (pdl)
\  southwest dipping (40-55") (Appendix A. Part 1) layered cumulate sequence, 
approximately 2500 meters thick (Plate 2), consists o f  dunite. websterite. and 
clinopyroxenite, and occurs in the northern portion o f  the Porcupine Lake MIC (Plate 1 ). 
The sequence consists o f dunite and websterite interlayered at the centimeter scale, 
forming 5 to 30 meters thick macrorhythmic units that occur as resistant, blocky 
outcrops. These macrorhythmic units are separated by less resistant, 2 to 5 meter 
intervals o f  strongly serpentinized dunite and very coarse clinopyroxenite.
Layering in the macrorhythmic blocks are defined by planar laminar layers, 
typically several millimeters to a few centimeters thick, o f  more resistant, medium to 
coarsely crystalline websterite alternating with less resistant, moderately to strongly 
serpentinized dunite (Fig. 4.1). Websterite consists o f  clinopyroxene and orthopyroxene, 
and the dunite consists o f serpentinized olivine and minor orthopyroxene and 
clinopyroxene. Most o f  the layering is planar, although some cut and fill structures and 
cross-bedding were found. Layers generally strike northwest and dip about 45" SW about 
45" (Appendix A, Part 1). Veins o f  coarsely crystalline clinopyroxenite, 2 to 5 cm thick, 
cross-cut macrorhythmic blocks. These veins typically are layer parallel, though some cut 
across the macrorhythmic layering.
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Interbedded between the macrorh\ihmic blocks are 2 to 5 m eter thick layers of 
clinopyroxenite and dunite. The clinopyroxenite consists o f  very coarse to pegmatitic 
clinopyroxene (individual ciy'stals up to 30cm long) and is typically sandwiched between 
highly serpentinized dunite.
The contact between the layered peridotite and the Ordovician peridotite (Plate 1) 
is difficult to locate. The base o f  the layered peridotite is exposed in an outcrop adjacent 
to the Ordovician peridotite. The transition from Ordovician peridotite occurs over a 
distance o f about 10 meters, and is defined by a change from weakly layered, northward 
dipping dunite, to very prominent, southwest dipping layered macrorhythmic outcrops 
that define the layered peridotite unit.
Clinopyroxenite (px)
The clinopyroxenite unit consists both as a 3600 meter section o f cumulate 
clinopyroxenite (Plates I and 2) overlying the basal layered peridotite (pdl) and as 
isolated meter to decimeter size xenoliths within the gabbro unit (Plate 1 ). Cumulate 
clinopyroxenite consists mostly o f  medium to very coarse crystalline clinopyroxene, with 
minor orthopyroxene and serpentinized olivine.
The clinopyroxenite displays sharp and steep contacts with surrounding 
Ordovician peridotite. Peridotite xenoliths in pyroxenite host are common near the 
contact. Meter scale east-west trending clinopyroxenite dikes were found scattered 
throughout the gabbro and also intruded into the Ordovician peridotite. Clinopyroxenite 
commonly displays cumulate textures such as subparallel alignment o f  elongate 
pyroxene, with the orientation o f  crystals similar to the planar orientation o f  layers seen
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in underlying the layered peridotite unit (Appendix A, Part I). The contact between 
clinopyroxenite and layered peridotite unit is gradational.
Gahbro (Dg)
The gabbro unit consists mostly o f  isotropic pyroxene gabbro, with minor 
cumulate pyroxene gabbro, pegmatitic homblende-pyroxene gabbro, and pyroxene 
microgabbro dikes. The unit forms a 6200 meter section o f the Porcupine Lake MIC 
(Plates 1 and 2).
Pyroxene gabbro, mostly medium-to-coarsely crystalline, consists primarily of 
extensively saussurized plagioclase and clinopyroxene partially-to-wholly altered to 
actinolite. Homblende-pyroxene gabbro occurs mostly in pegmatitic dikes with crystal 
sizes about 1-10 cm. Microgabbro dikes consist primarily o f  plagioclase, clinopyroxene, 
and minor hornblende.
Most outcrops o f gabbro are isotropic, but others exhibit centimeter-scale bimodal 
layering o f pyroxene and plagioclase (Fig. 4.2), or centimeter to meter scale layers 
displaying crystal-size variations (Fig 4.3). Outcrops that exhibit bimodal layering are 
characterized by medium crystalline, pyroxene-rich layers and medium-to-coarsely 
crystalline, plagioclase-rich layers, and are found primarily near the northeastern margin 
o f the gabbro unit. Layers are planar to rolling or sinuous, and contain abundant pinch 
and swell structures. Centimeter-to-meter scale pyroxenite blocks are common within the 
cumulate gabbro, and layers adjoining a block usually lap up on its sides and drape across 
it, thinning above it and thickening o ff  its flanks. Such “streamlining” o f the layering is 
suggestive o f current sedimentation (Irvine et al., 1998). Planar layers have a general
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orientation ofN25W , 44SW (Appendix A, Part 1). Also displayed in the fabric o f the 
rock is planar alignment o f elongate minerals, most easily seen in the plagioclase rich 
layers. Planar orientation o f the grains is subparallel to the bimodal layering.
Layering in the gabbro is also expressed by variations in crystal size (Fig 4.3). 
Crystal size layering common throughout the gabbro unit, and is characterized by planar, 
graded layering, with crystal size grading from medium grained to pegmatitic. with 
complete graded sequences 1-2 meters thick. Planar orientation o f graded layering is 
given in .Appendix A. Part 1.
Pegmatitic homblende-pyroxene gabbro is found mostly near the southeastem 
margin o f the pluton, forming irregular, 1-3 meter wide dikes that cut pyroxene gabbro 
and Ordovician peridotite. Dikes are composed o f isotropic, coarse to very coarse 
plagioclase, clinopyroxenite, and centimeter-to-decimeter long homblende.
East-west trending microgabbro dikes. 0.2 to 1 meters wide, intrude Ordovician 
peridotite adjacent to contact with gabbro (Plate I). Dikes consist mostly o f plagioclase 
and clinopyroxene, and contain numerous, small (2-10 cm) peridotite xenoliths. Dikes 
cross-cut the peridotite but not the adjacent gabbro, suggesting that the dikes are rapidly 
cooled fractions of the gabbro and do not record a later intrusive event.
Contacts between the gabbro and adjacent peridotite are sharp and generally 
steep, with microgabbro dikes intruding into the adjacent peridotite (Op) and xenoliths of 
serpentinized peridotite entrained in the gabbro along the contact. Excellent exposures of 
xenolith-rich outcrops with centimeter to meter scale xenoliths o f peridotite entrained 
within gabbro (Figure 4.4) occur along the eastem margin o f the pluton near Toad and 
Porcupine Lakes (Plate 1). Peridotite xenoliths (+/- serpentinite) in gabbro typically
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exhibit a metamorphic rim (up to a few cm) o f  tremolite ± talc, ±brucite, ±chlorite 
(M etcalf et al., 1999; this study). The presence o f  sharp and steep contacts, microgabbro 
dikes intruding the Ordovician peridotite. and peridotite xenoliths entrained in the gabbro 
suggest the contact is intrusive.
Contact between the gabbro and intrusive pxToxenite stock in the southwest 
com er o f the Porcupine Lake MIC is steep and sharp, with meter scale pyroxenite 
xenoliths within marginal gabbro.
Clin opyroxen ite/gabbro (px/gj
The contact between the clinopyroxenite and gabbro is gradational, over an 
approximately 3000-meter interval o f  heterogeneous clinopyroxenite and gabbro. This 
interval is mapped as the pyroxenite/gabbro unit (Plate 1 ).
Late Stage Dike Units
Near-vertical, east-west striking dikes are present in the Porcupine Lake MIC 
(Fig. 4.5). These dikes are scattered throughout much of the gabbro and occur in high 
concentrations in the southern ponion o f the complex (Plate I). East-west trending dikes 
are also found scattered in the clinopyroxenite and Ordovician peridotite adjacent to the 
PLMIC. Dikes are mostly aphanitic mafic to intermediate to felsic varieties, and medium 
crystalline trondhjemite and tonalité. Mafic dikes comprise mostly plagioclase, 
homblende, olivine, and minor quartz, and felsic varieties consist primarily o f  quartz, 
plagioclase, and minor hornblende. Dikes south o f Porcupine Lake (Plate 1) display 
homogeneous mafic, homogeneous felsic, and mixed mafic and felsic lithologies. Dikes
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are commonly 0.5 meters thick, but vary from 0.25 meters to several meters thick, and 
can be traced for tens o f meters. Margins o f dikes are commonly finely ciystalline and 
are interpreted as chilled margins. .A similar sub-parallel, steeply dipping orientation is 
found between the east-west trending dikes and microgabbro dikes o f  the gabbro unit, 
suggesting emplacement in a similar stress field (.Appendix A. Part 2). Descriptions o f the 
late stage dike map units found in the southern portion o f  the PLMIC are given below.
Dike Swarm (ds)
The dike swarm unit consists o f  >80% east-west striking dikes emplaced into 
gabbro (Plate I). About 85% of the dikes are mafic and 15% felsic, and may contain up 
to 55% gabbro, peridotite, or pyroxenite xenoliths. Centimeter-to-meter scale screens o f 
gabbro separate dikes.
Peridotite with High Dike Concentrations (pd)
The peridotite with high dike concentrations unit consists o f  peridotite intruded by 
30 to 80% east-west trending mafic and felsic dikes.
Devonian Gabbro with High Dike Concentrations (Dgd)
The Devonian gabbro with high dike concentrations consists o f gabbro intruded 
by 30 to 80% east-west trending mafic and felsic dikes.
Tonalité (t)
The tonalité unit consists o f  felsic dikes o f  homblende tonalité.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
23
Mesozoic Diorite: (Mzd)
Mesozoic porphyritic homblende diorite intrudes the PLMIC as a large stock 
along the northeast margin o f the MIC, and as numerous, generally north-south trending 
dikes consisting o f  homblende diorite and muscovite potassium feldspar quartz porphyry 
within the MIC.
Quatemary Cover: (Oc)
Glacial till, alluvium or colluvium that completely covers bedrock.
Structures
The most prominent structural feature of the PLMIC is the southwest dip o f  
compositional layering in the layered peridotite and gabbro (Appendix A. Part I). 
Because the east-west trending dikes are near vertical, the dip was probably imparted to 
the layers during crystal accumulation.
A northeast-trending fault/shear zone cuts Ordovician peridotite near the westem 
margin o f the complex (Plate I). Previous studies (e.g.. Quick, 1981) map a northwest- 
trending fault as the contact between Ordovician peridotite and the westem margin o f the 
PLMIC. The fault mapped in this study is located within Ordovician peridotite, and no 
fault was detected at the contact between the Ordovician peridotite and the PLMIC.
Planar surfaces with slickenlines and brecciated rock between fractures identify the shear 
zone, which is up to 100 meters wide. Planar surfaces strike about N40W and dip about 
30NTE. The average slickenline plunges 30° to N47E, indicating mostly dip slip motion. 
Phacoidal shapes are common among the breccia; the trend o f the major axis o f  the
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phacoids is about N40W. Smaller northeast-trending shear zones are found in numerous 
outcrops near the westem margin o f the complex.
A small, N75W-trending fault, cuts across and offsets both Ordovician peridotite 
and gabbro north o f  Toad Lake (Plate I ). Maximum east-west offset is about 0.5 meters, 
and no clear shear indicators were found.
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Figure 4 .1. Interlayered cumulate dunite and websterite (more resistant layers) 
o f the basal layered peridotite unit (pdl).
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Figure 4.2. Cumulate gabbro, displaying modal layering o f plagioclase and 
clinopyroxenite (darker layers).
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Figure 4.3. Grain size layering in gabbro, with medium-size crystals at the base o f the 
outcrop grading into very coarsely crystalline plagioclase and clinopyroxene at the 
top. Scale at base of outcrop is 15 cm long.
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Figure 4.4. View of Ordovician peridotite xenoliths enclosed in a gabbro host. 
Note the metamorphic rims on the xenoliths composed primarily o f tremolite, talc, 
and chlorite. Scale is 15 cm long.
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Figure 4.5. Equal-area stereoplot o f east-west trending mafic dikes, showing the 
general east-west strike and steep dip, indicating emplacement during north-south 
extension (present-day orientation).
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CH-APTER 5 
PETROGRAPHY
This chapter focuses on the textures and mineralogy o f twenty-nine samples o f 
layered peridotite, clinopyroxenite, gabbro, and east-west dike lithologies. Critical 
observations o f the samples are (1) the presence of igneous minerals and textures, (2) the 
degree and pervasiveness o f  metamorphic alteration, and (3) the presence o f  cumulate 
textures and structures. Sample classification and modal mineralogy is given in Appendix 
B.
Layered Peridotite
Interlayered peridotite consists o f alternating, parallel layers o f  dunite and 
websterite each 1-4 cm thick. Dunite consists mostly o f 0.3-1 mm across, subhedral-to- 
anliedral olivine, with 0.3-1 mm across, anhedral clinopyroxene and orthopyroxene 
forming less than 10% of the layer. Olivine is partially to wholly replaced by serpentine 
and 3-5 mm layers o f serpentine (with no olivine) are common. Websterite layers consist 
o f near equal amounts of clinopyroxene and orthopyroxene, with minor, interstitial 
olivine and serpentine. Pyroxene is euhedral-to-anhedral, ranges from 1-10 mm across, 
forms complex interlocking contacts and has exsolution lamellae. Elongate pyroxene 
crystals and lamellae display a strong subparallel orientation. Orthopyroxene commonly
30
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encloses olivine. Strongly preferred orientation o f elongate crystals and inter-cumulus 
minerals (interstitial olivine and serpentine) indicate crystal accumulation from a melt.
ClinopvToxenite
Hypidiomorphic granular clinopyroxenite consists mostly o f  (-90% ) 
clinopvToxene, with minor olivine, orthopyroxene, and opaque oxides. Primarily 
subhedral clinopyroxene ranges from 1-10 mm across and contains ubiquitous exsolution 
lamellae, with lamellae typically replaced by amphibole. Metamorphic alteration ranges 
from mostly unaltered olivine and p^Toxene, with only minor serpentine (e.g., sample 
P988-4), to highly altered (e.g., P988-9), where olivine is wholly replaced by serpentine 
and alteration o f clinopyroxene includes uralitization and actinolite overgrowths.
.Anhedral olivine ranges from 0.3 - I  mm in diameter. These crystals range from fresh 
and unaltered to completely replaced by serpentine. Subhedral orthopyroxene, ranging 
from 2-3 mm across, are essentially devoid of exsolution features. Minor zoisite occurs 
interstitial to clinopyroxene in some samples. Contacts between the pyroxenes are 
complex interlocking. Olivine (and replacement serpentine) is found scattered 
throughout the clinopyroxenite and forms subparallel, mosaic-textured concentrations o f  
crv'stals between the pyroxenes. Olivine as an intercumulus phase suggests the 
clinopyroxenite formed by crystal accumulation from a melt.
Gabbro
Hypidiomorphic equigranular gabbro consists mostly o f  partially-to-wholly 
metamorphosed plagioclase and clinopyroxene. Plagioclase is completely altered to
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saussurite or zoisite. The saussurite forms quilt-like masses, consisting mostly o f 
anomalous blue zoisite (0.5mm), with some epidote and rare albite. The saussurite has 
high relief and appears as fine, brownish masses in plane-polarized light. The larger 
saussurite masses (1-3 cm) tend to have a rectangular shape in thin section. .Actinolite (or 
rare homblende) partially-to-wholly replaces clinopyroxene. and some clinopyroxene 
crystals are partially-to-wholly uralitized. Clinopyroxene is equant-to-slightly elongate 
(length: width = 1:1 to 2:1), with a crystal size o f  0.3 to 9 mm. Clinopyroxene contain 
ubiquitous exsolution lamellae, and is typically rimmed with actinolite or homblende. 
Some o f the homblende grains are bladed (length: width = 4:1), euhedral-to-subhedral, 
and are commonly partially-or-wholly replaced by actinolite; these crystals are 
interpreted to be magmatic amphibole. Quartz forms small (0.2 to 0.5mm) interstitial 
patches, mostly between zoisite grains but locally along boundaries o f clinopyroxene 
grains. Small (<0.01mm) irregular opaque oxides are rare.
Contacts between clinopyroxene, and between clinopyroxene and magmatic 
homblende are complex interlocking, commonly curved to cuspate. Elongate grains and 
saussurite masses display subparallel alignment in only a few samples, in most samples 
no preferred orientation is displayed. Interlocking textures, lack o f preferred mineral 
orientation, and lack o f  intercumulus crystals indicate the gabbro is not a cumulate.
Mafic Dikes
Equigranular, aphanitic mafic dikes consist primarily o f  plagioclase and 
homblende, alteration minerals such as epidote, clinozoisite, zoisite, actinolite, and minor 
quartz and opaque minerals. Plagioclase forms mostly 0.1-1 mm long, randomly
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oriented, subhedral-to-anhedral laths, and is commonly altered to epidote, zoisite, and 
clinozoisite. Subhedral epidote forms equant, 0.1 mm crystals; most epidote occur as 
0.2-0.5 mm, brownish masses in plane polarized light. Subhedral-to-anhedral actinolite 
forms 0.1-0.4mm long bladed to acicular crystals. Subhedral-to-anhedral homblende 
forms 0.2-0.7 mm long bladed-to-acicular crystals. Euhedral-to-subhedral homblende, 
actinolite, and plagioclase (altered to zoisite) phenocrysts (up to 5 mm in size) make up 
less than 5% o f all samples. Anhedral quartz fills interstices between plagioclase crystals. 
Flow structure is pronounced in sample P987-50. Small, interlocking, bladed to acicular 
crystals reflect rapid crystallization from a melt.
Felsic dikes
Sample P987-49 is a homblende tonalité containing plagioclase, quartz, 
homblende, and minor opaque minerals. Plagioclase is extensively altered to sericite. 
forming l-2mm equant to elongate (length to width = 3 to 1) masses. A few elongate, 
euhedral plagioclase with albite twinning occur. Irregular, anhedral quartz, 1-2 mm 
across, forms complex, interlocking contacts with adjacent quartz. Larger quartz display 
indicatory extinction. Homblende forms 2 mm long acicular crystals, or are present as 
long (up to 3 mm), narrow bundles o f fibrous crystals.
Trondhjemite (sample P988-2I) consists mostly o f  quartz and plagioclase.
Primary plagioclase forms I mm long, euhedral to subhedral laths. Fresh plagioclase 
crystals display albite twinning and zoning. Most o f the plagioclase is partially-to-wholly 
altered to sericite, saussurite, or epidote. Quartz forms anhedral, 1 mm equant crystals. 
Contacts between quartz and plagioclase are complex interlocking.
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Epidosite (sample P987-51) consists o f  quartz, epidote, and zoisite. Equant, 
subhedral-to-anhedral epidote are 0.1-0.2 mm. and commonly occur in crystal aggregates. 
Zoisite forms 0.1-0.5 mm long, subhedral- to-anhedral bladed crystals. Irregular, 
anhedral quartz, 0.2-2 mm across, both encloses and is interstitial to epidote and zoisite.
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CHAPTER 6 
GEOCHEMISTRY
Selected Porcupine Lake MIC samples were analyzed for major and trace element 
geochemistry, and for Sr-Nd-Pb isotopes. Major element, trace element, and isotopic 
data are listed in Appendix C, Part 1. Twenty-nine samples (one layered peridotite, seven 
clinopyroxenite, fourteen gabbros, four mafic dikes, two felsic dikes, and one tonalité) 
were analyzed for major elements and Zr, Cr, Ni, Sr. Y, Nb. Samples were chosen for 
m ajor element analysis based on the following hand-sample criteria; (I)  absence o f  
obvious alteration; (2) samples represent a large spectrum o f  lithologie variation 
throughout the complex; (3), clinopyroxenite and gabbros were limited to medium- 
crystalline samples (crystals < 5 mm) to ensure chemical homogeneity; and (4) gabbros 
exhibited no well-defined layering.
O f the twenty-nine samples, nineteen were analyzed for trace elements and o f  
these five were analyzed for Sr-Nd-Pb isotopes. Microscope petrography clearly 
revealed the gabbro samples were altered to greenschist facies and the most highly 
altered samples (those with poorly defined igneous textures) were excluded from trace 
elem ent analysis.
3 5
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Major Element Geochemistry 
Layered peridotite, clinopyroxenite. gabbro, mafic dikes, felsic dikes, and tonalité 
collectively are subalkaline (Fig. 6.1). ClinopvToxenite and gabbro are tholeiitic, whereas 
the mafic dikes, felsic dikes, and tonalité define a calc-alkaline trend (Fig. 6.2). Major 
element oxide data (Appendix C, Part I) and chemical variations are shown in bivariaie 
plots o f major element oxide versus MgO. SiO: varies between 46-78 ut.%  
(ClinopvToxenite 51-54 wt.%, gabbro 46-50% wt.%, mafic dikes 53-57 wt.%. and felsic 
dikes 63-78 wt.%), and MgO varies between 0.5-32 wt % MgO (clinopyroxenite 20-25 
wt.%, gabbro 8-15 wt %, mafic dikes 5-8 wt %. and felsic dikes 0.5-2 wt %). Gabbro and 
clinopyroxenite have very low TiO: (0.06-0.23 wt %) and similar abundances o f FeO and 
Na^O (Fig. 6.3 b-d). Mafic dikes have higher abundances o f these each of these oxides 
(TiO; 0.5-0.8 wt.%) (Fig 6.3 b-d). The felsic dikes have a wide range of TiO;, FeO, and 
N a;0  as compared to the other rock types (Fig. 6.3 b-d). Clinopyroxenite has the highest 
CaO (19 wt %), with CaO contents less in the gabbro, mafic dikes, and felsic dikes (Fig.
6.3 e). ALO;, (15-23 wt.%) increases with decreasing MgO in the gabbros, and the dikes 
form a distinct decreasing trend perpendicular to the gabbro trend (Fig 6.3f).
Trace Element Geochemistry 
Chemical variation diagrams o f various trace elements versus MgO show similar 
discrete grouping o f the various rock types, with the exception o f some overlap in the 
abundance o f  Cr, Ni, Sr, and LREE in the gabbro and mafic dikes. Clinopyroxenite has 
very high Cr and Ni (1264-2507 ppm Cr, 199-616 ppm Ni) (Fig. 6.4 a, b). Cr and Ni 
decrease with decreasing MgO in the gabbro and dikes (Cr 21-683 ppm. Ni 50-249 ppm)
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( Fig 6.4a, b). Sc content is between 27 and 51 ppm in gabbro, and 38 and 46 ppm in the 
mafic dikes (Fig. 6.4 c).
The clinopyroxenite, gabbro, and mafic dikes define two distinct trends on plots 
involving relatively immobile, incompatible elements such as TiO;, Y, Hf. Nb, and the 
REE's versus MgO. .Abundances o f these trace elements are low with little or no 
variation in the clinopyroxenite and gabbro. and significantly higher (>2x) and variable 
abundances in the mafic dikes (Fig 6.4 d-1). Highest trace element abundances are found 
in felsic samples P987-51 and P988-21, except for a relatively low abundance o f Sr (Fig.
6.4 d). Sample P987-49 (felsic dike) exhibits low trace element abundances typical o f  the 
mafic dikes or gabbros. La (<1.8 ppm) displays a highly scattered trend, with 
considerable overlap o f  gabbro, mafic dikes, and felsic dikes (Fig 6.4 j).
Trace elements normalized to NMORB (NMORB values o f Sun and McDonough. 
1989) are displayed on multivariate plots (Fig. 6.5 a-c), and several general 
characteristics are revealed. First, gabbro and dikes show an enrichment o f large ion 
lithophile elements (LILE) (Cs. Rb, Ba, Th, K, Pb, Sr), U, and La relative to high field- 
strength elements (HFSE) (Nb, Zr, Ti, Y) and to the middle to heavy rare earth elements 
(MREE and HREE, respectively). The layered peridotite and clinopyroxenite display 
similar enrichment patterns except for depletion in Sr. Second, all lithologies display a 
depletion o f Nb and Ta relative to HREE (Nbx/Ybx <~0.5). Third, ultramafic and mafic 
lithologies are depleted to extremely depleted in HFSE, MREE, and HREE relative to 
NMORB (rock/NMORB=l to 0.01). And finally, the MREE, HREE, Y, and Ti 
collectively form flat patterns relative to NMORB.
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In the layered peridotite and clinopyroxenite. all trace elements except for Cs and 
Pb are below NMORB concentrations, with the HFSE and HREE at less than about 0.1 
NMORB. The layered peridotite shows a small positive Ti anomaly relative to Eu and 
Dy, all other lithologies display a negative Ti anomaly.
Gabbro has somewhat higher trace element concentrations than the 
clinopyroxenite, with HFSE, MREE, and HREE at about 0.1 NMORB. Considerable 
variation in concentrations o f Cs, Rb, Ba, and Th occurs in gabbro samples.
The mafic dikes, felsic dikes, and the tonalité have higher trace element 
concentrations than the gabbro, with considerable variation in Cs, Rb, Ba, Th, K, and Pb 
concentrations. Among the felsic samples, P987-49 displays the greatest enrichment Rb, 
Ba. K. and Sr. and greatest depletion of Ti Y Yb, and Lu relative to NMORB. The 
tonalité displays a large negative Ti anomaly.
.All lithologies display similar chondrite normalized rare earth element (REE) 
patterns (Figs. 6.6 a-c) including (1) depleted-to-very depleted overall abundances 
(rock/chondrite between 0.1 and 11), (2) LREE depletion relative to HREE, and (3) flat 
to slightly convex upwards HREE patterns. Layered peridotite (0 .1-lx  chondrite), 
clinopyroxenite (0.3-3x chondrite), and gabbro (0.3-7x chondrite) has high normalized 
abundances o f  La and Pr relative to Ce; this forms a pronounced negative Ce anomaly 
(Ce/Ce* 0.2-0.7, Fig. 6.7). The negative Ce anomaly is much less pronounced in the 
mafic dikes, felsic dikes, and tonalité (Ce/Ce* 0.99-0.76, Fig 6.7). The gabbro have a 
significant positive Eu anomaly (Eu/Eu* 1.3-2.3, Fig. 6.7). The layered peridotite and 
clinopyroxenite have no significant Eu anomaly. The mafic dikes (2-lOx chondrite) show 
a slight negative (Eu/Eu* 0.84-0.98, Fig. 6.7) anomaly. Felsic samples P987-51 and
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P98S-21 display similar patterns (Fig. 6.6d) to the mafic dikes, including slight negative 
Eu anomalies (Eu/Eu* 0.90-0.86). Felsic dike P987-49 is depleted in REE’s relative to 
P987-51 and P988-2I. and displays a significant positive Eu anomaly (Eu/Eu* 2.79) (Fig 
6.6d and Fig. 6.7).
Isotope Geochemistry 
Two gabbros and three mafic dikes were analyzed for Sr. Nd, and Pb isotopes. 
Overlap in isotopic ratios exists between gabbro and mafic dikes. Gabbro sample P987- 
41 and mafic dike sample P987-50 have ^'Sr/^^Sr o f  0.7034 and 0.7037. respectively. The 
other samples are somewhat higher and range from 0.7056 to 0.7061. .411 samples have 
similar eNd (6.9-8.4), -°‘Eb/-°’‘Pb (18.316-18.732), -°*Pb/-'” Pb (37.7I-3S.1I). and 
- 0  pb/20-pb ( 1 5 .5 0 . 1 5  5 3 ) except for a slightly higher “°^Pb/‘°'^Pb Of 15.65 in gabbro 
sample P9S7-45 (Appendix C. Part 1).
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Figure 6.1. Alkalies (K ,0 + N a,0) vs. SiO. diagram showing a subalkaline 
classification for all Porcupine Lake MIC lithologies.
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Figure 6.2. Alkalies-FeO-MgO (AFM) diagram showing a tholeiitic trend for the 
pyroxenite and gabbro, and a calc-alkaline trend for the mafic and felsic dikes. 
Alkalies (ALK) = K ,0  + Na,0. FeO* is total Fe as FeO.
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Figure 6.3. Major element (wt.%) Marker variation diagrams for Porcupine Lake
MIC lithologies.
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Figure 6.3. Major element (wt.%) Marker variation diagrams (continued).
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Figure 6.3. Major element (wt.%) Marker variation diagrams (continued).
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Figure 6.4. Trace element (ppm) vs. MgO (wt.%) variation diagrams (continued).
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Figure 6.4. Trace element (ppm) vs. MgO (wt.%) variation diagrams (continued).
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Figure 6.4. Trace element (ppm) vs. MgO (wt.%) variation diagrams (continued).
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Figure 6.5. NMORB normalized (Sun and McDonough, 1989) spider diagrams 
for (A) layered peridotite and ciinopyroxenite, (B) gabbro, (C) mafic dikes, and 
(D) felsic dike lithologies.
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for (.A) layered peridotite and ciinopyroxenite, (B) gabbro, (C) mafic dikes, and 
(D) felsic dike lithologies (continued).
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R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
100 —
54
C H
10 = -
Rock/Chondrites
1 —
.1
Mafic dike
La Ce Pr Nd Pm Sm  Eu Gd Tb Dy Ho Er Tm Yb Lu
100  r
Rock/Chondrites
Felsic dike
.1 : ^
La C e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 6.6.Chondrite nonnalized (Sun and McDonough, 1989) rare-earth 
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gabbro, (C) mafic dikes, and (D) felsic dike lithologies (continued).
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Ce/Ce* = Ce/[La x Pr]“’, where Eu, Sm, Gd, Ce, La, and Pr are values normalized 
to chondnte data o f Sun and McDonough (1989).
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CHAPTER 7
PETROGENESIS
Introduction
Understanding the petrogenetic history o f igneous rocks involves characterization 
o f  the magma source, conditions o f partial melting, and extent o f modifications to the 
primary magmas during residence in the crust. Different tectonic settings will produce 
distinct petrogenetic histories. In this chapter 1 evaluate the petrogenesis o f  the PLMIC.
Emplacement History 
Steep-sided intrusive contacts, xenoliths, and cross-cutting relationships indicate a 
sequential emplacement o f  intrusive pyroxenite. layered peridotite, gabbroic pluton, and 
east-west trending dikes. Given only a single isotopic age for the gabbroic pluton, the 
duration o f magmatism is unknown. The presence o f  cumulate peridotite, cumulate 
ciinopyroxenite, heterogeneous clinopyroxenite/gabbro, layered gabbro, and non- 
cumulate gabbro, along with similar geochemistry, suggests a cogenetic evolution 
betw^een these lithologies. Cumulate lithologies occur at low structural levels (Plate 2) 
and along the margins o f the PLMIC, and probably represent the floor and walls o f  a 
crystallizing magma chamber where crystal accumulation occurred. Non-cumulate 
gabbro occurs at structurally higher levels in the complex and probably approximates the 
liquid o f  an evolving magma chamber. Cogenetic evolution as a single crystal
56
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accumulation and fractionation event between ciinopyroxenite and gabbro is indicated 
from fractionation models that use Ni vs. Cr variation diagrams (Figure 7.1a,b)
( fractionation and accumulation equations listed in Appendix D. distribution coefficients 
in Table 7.1 ). Gabbro sample P987-4S has relatively high Ni (249 ppm). Cr (683 ppm) 
and Mg# (75.8) and approximates a primitive magma and is used as the parental magma 
in fractionation and accumulation models. Models o f 30-40% accumulation and 30-40% 
fractionation o f 70% clinopyroxene and 30% olivine from a parental magma (P987-4S) 
best fit the data o f cumulate ciinopyroxenite and the trend o f  gabbro differentiation, 
respectively.
Distinctly different geochemical trends between the gabbro and mafic dikes (Fig. 
6.3 B, Fig 6.3 D, and Figs. 6.4 E-H) suggest the mafic dikes were derived from a 
different source than that o f the gabbro, therefore the evolution o f  the mafic dikes was 
independent o f that o f  the gabbro and cumulate lithologies previously mentioned. Any 
use o f fractionation models to interpret the genetic relationship between gabbro. cumulate 
lithologies, and the mafic dikes are therefore inappropriate. Assuming gabbro sample 
P987-48 approximates a typical parental magma, the mafic dikes display fractionation 
trends similar to the gabbro (Fig. 7.1b), suggesting fractionation o f clinopyroxene and 
olivine from a parental magma may have produced the mafic dikes.
The intrusive sequence o f the PLMIC indicates crystallization order o f olivine -  
orthopyroxene -  clinopyroxene -  plagioclase -  hornblende. The layered peridotite unit 
(pdl) contains olivine, orthopyroxene, clinopyroxene, and lacks plagioclase. The 
ciinopyroxenite is mostly clinopyroxene, with minor plagioclase occurring only in the 
structurally higher levels o f the unit. The gabbro is mostly plagioclase and
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clinopyroxene, with minor hornblende. The early olivine and pyroxene and late 
plagioclase order o f crystallization is the same ciy'stallization sequence displayed in rocks 
formed in island-arc settings, as opposed to an olivine-plagioclase-clinopyroxene order o f 
crystallization seen in MORB (Pearce et al.. 1984).
Field observations indicate the PLMIC was emplaced at a relatively shallow depth 
in an e.xtensional environment. Similar orientation among ciinopyroxenite dikes, 
microgabbro dikes, and dikes associated east-west dike units suggest the ciinopyroxenite. 
gabbro. and east-west dikes were emplaced in a similar stress field dominated by present- 
day north-south extension. Textural and compositional data from Quick (1981) suggest 
the more Al-rich Iherzolites and hartzburgites in the Trinity peridotite crossed their 
solidus at depths < 30km, producing the plagioclase Iherzolite. The lack o f  penetrative 
deformation in PLMIC rocks suggests intrusion occurred after plastic deformation o f the 
Trinity peridotite had effectively ceased, indicating the PLMIC was emplaced at a 
relatively shallow depth.
Metamorphic Alteration 
Rocks o f the PLMIC are altered to various degrees by metamorphic processes. 
Common secondary minerals are zoisite, epidote, clinozoisite, actinolite, and serpentine. 
Zoisite and epidote commonly replace plagioclase in the gabbro and mafic dikes, and 
actinolite partially replaces clinopyroxene in the gabbro. Metamorphic alteration of the 
ciinopyroxenite, with only minor replacement of clinopyroxene by actinolite, is much 
less pervasive than in the gabbro. Zoisite and actinolite form a typical epidote-rich 
greenschist assemblage created by hydrothermal alteration o f oceanic crust (Humphris
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and Thompson, 1978). Serpentine commonly replaces olivine in peridotite and 
pyroxenite lithologies, and serpentinization is greatest near intrusive contacts. Fluid flow 
along contacts and heat from intrusion is the most likely mechanism for serpentinization. 
Lack of deformation textures in PLMIC lithologies indicates alteration under relatively 
static conditions
Characterization o f  the magma source- mantle component 
Composition o f  the mantle component o f primary, mantle-derived magmas will 
vary due to derivation from varied mantle sources (i.e., upper asthenospheric mantle, 
lithospheric mantle, mantle plume, or some combination o f these sources), the degree o f 
partial melting, and subsequent fractional crystallization. The composition o f the mantle 
component can be ascertained by studying elements that are conservative (i.e., not added 
to mantle by subduction related processes) (Pearce. 1996) and incompatible during 
mantle melting and fractional crystallization up to intermediate-felsic compositions (i.e.. 
Ti. Zr. H f  Nb, Ta, Y, and the REE’s). Elements that are compatible with typical basaltic 
fractionating phases will be variably modified during fractionation processes. Trace 
elements that are largely incompatible with tx'pical basaltic fractionating phases will 
behave similarly during fractional crystallization processes; such that fractional 
crystallization will affect abundance o f  selected elements, but will not affect the ratios 
between the elements.
Because fractional crystallization can affect the abundance o f  incompatible 
elements, determining the composition o f  the mantle component requires that the rock 
represent a magma composition (not a cumulate) that is near primary mantle
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compositions. Partial melting (20-30%) o f  mantle Iherzolite should yield basaltic 
magmas with high Mg-numbers (70-74), high Ni concentrations (250-350 ppm) and high 
Cr contents (500-600 ppm) (Perfit et al., 1980). Most terrestrial basalts have lower Mg- 
numbers and Ni contents suggesting some olivine fractionation. Basalts with high (> 15 
wt.%) MgO. and high Ni and Cr appear to ha\ e accumulated olivine. Estimates o f 
compositions of island-arc and mid-ocean ridge basalts believed to be the most primitive 
parental basalt typically have Mg-numbers between 6 6  and 73. MgO between 8  and 11 
wt.%. Ni content o f  120-320 ppm, and 380-510 ppm Cr (Perfit, 1980). Most o f the 
PLMIC gabbro and mafic dikes have MgO contents between 8-11 wt.%, Mg-numbers 
between 60-80 (Appendix C, Part 1), and many gabbro and mafic dikes have relatively 
high Ni (> 90 ppm) and Cr (> 200 ppm) suggesting the gabbro and mafic dikes represent 
relatively primitive basalts.
The term cumulates refers to any plutonic or volcanic rock that deviates 
significantly from a true melt composition (Pearce, 1996). Key immobile elements are 
.A.1 (concentrated in plagioclase). Sc (concentrated in clinopyroxene), and Ni 
(concentrated in olivine). In general, samples with > 20 wt.% AI2O3 contain significant 
accumulated plagioclase, samples with > 50 ppm Sc have significant accumulated 
clinopyroxene, and samples with > 200 ppm Ni have significant accumulated olivine 
(Pearce, 1996).
Ciinopyroxenite from the Porcupine Lake MIC has very high MgO (20.2-25.1 
wt.%). Ni (199-616 ppm), and Sc (61-68 ppm), which along with textural evidence 
reported in Chapter 5, indicates significant olivine and clinopyroxene accumulation. All 
the gabbro and mafic dike samples (except for samples P987-42, Ni = 244 ppm; P987-48,
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Ni = 249 ppm; and P987-45, Sc = 51 ppm) have relatively low Ni (<138 ppm) and 
relatively low Sc (<50 ppm) suggesting neither olivine nor clinopyroxene accumulation is 
significant in these rocks. Many o f  the gabbro samples, however, have an A1;0:. content 
greater than 20 \\T.%, suggesting that significant plagioclase accumulation occurred. But 
several gabbro samples, along with the mafic dikes, have less than 2 0  wt.% .AfOj 
(.Appendix C, Part 1). Chemically, these gabbro and mafic dike samples do not appear to 
have significant accumulation o f plagioclase. None o f the gabbro or mafic dike samples 
exhibits cumulate textures. Because all the gabbro has similar low abundances o f 
immobile, incompatible trace elements, and many o f these gabbro samples display no 
cumulate textures, it is reasonable to assume that for the most part, the gabbro are is not a 
cumulate and represents magma compositions. Quick (1981) reports a 35.68 wt.% AI2O5 
for plagioclase from a PLMIC gabbro in the Toad Lake vicinity. High AI2O3 probably 
reflect the high AI2O3 content o f its plagioclase. Based on mineralogy (mostly 
plagioclase and clinopyroxene) and from its position overlying ultramafic cumulates, it 
appears that the gabbro represents an early fractionate, with fairly anorthite rich (and 
therefore high AI2O3 content) plagioclase.
The composition o f the mantle prior to the addition o f any subduction components 
can be estimated based on the assumption that Nb. Ta, Hf, Zr, Ti, Y, and the HREE are 
dominantly conservative (Pearce, 1983). Patterns o f these elements on spider diagrams 
are useful in determining the composition of the mantle source. MORB normalized 
spider diagrams (Fig 7.2) show geochemical patterns o f oceanic basalts from non-SSZ 
and SSZ (island arc) settings. O f note is the sloped pattern o f  conservative elements in 
oceanic-island basalts (OEB) with Nb and Ta enriched relative to Zr and Ti, which are in
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turn enriched relative to Y and Yb. Also o f note is the parallel, but depleted relative to 
MORB pattern o f MREE and HREE in island-arc tholeiites. Oceanic island-arcs 
tv-pically have mantle sources close to fertile NNIORB mantle (FMM) suggesting a 
mantle source similar to that which produce MORB (Pearce. 1983). The parallel but 
depleted pattern o f  island-arcs relative to MORB can be explained by a simple increase in 
the degree o f  melting relative to MORB (Pearce and Norry, 1979) or by remelting of 
already depleted mantle (Green. 1973). The smooth pattern does not require incompatible 
element-rich minor phases such as rutile, sphene, or zircon in the mantle (Pearce and 
Parkinson, 1993).
Production o f  MORB will leave a residual mantle (RMM) that is overall more 
depleted in incompatible trace elements than FMM, with the greatest depletion in the 
most incompatible elements (e.g., Rb, Ba, Th. Nb, and Ta) relative to the less 
incompatible elements (e.g., Y and HREE). Moderate to high degrees o f  partial melting 
(10-20%) o f  RMM will produce basalts with mantle-derived trace element signatures 
similar to those found in boninites and related arc tholeiites o f the M arianas forearc. with 
very depleted Ti, Y, Yb, and Lu (0.1-0.2 MORB normalized values) (Pearce and 
Parkinson, 1993).
Porcupine Lake MIC gabbro samples overall display high degrees o f  depletion in 
conservative elements (<0.2 MORB normalized values) with a strong negative Nb 
anomaly relative to Zr, Ti, Y, and Yb (Fig 6-5b). These patterns suggest the gabbro is 
derived from a mantle component formed by partial melting of a RJvIM. Porcupine Lake 
MIC mafic dikes display lesser degrees o f depletion o f conservative elements (0.5-1
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MORB normalized values) and have values similar to those expected by derivation from 
a slightly depleted FMM source.
Pearce and Parkinson (1993) produced element models for various degrees o f 
melting o f variably depleted mantle sources, and displayed the results o f their theoretical 
models in source normalized to fertile MORB mantle (FFM) spider diagrams. They then 
compared the FMM normalized patterns o f  a variety o f  marginal basin and island arc 
basalts to their theoretical patterns to identify basic pattern types o f SSZ lavas based on 
degree o f  melting and degree of depletion. This pattern for Porcupine Lake MIC gabbro 
(Fig. 7.3a) mostly closely resembles pattern type 7 o f  Pearce and Parkinson (1993. Fig 
1 Ig), in which the moderately incompatible elements (MI) are greater than highly 
incompatible elements (HI) which in m m  are greater than very highly incompatible 
elements (VHI). This pattern matches their theoretical pattern for high degrees o f  partial 
melting o f  a moderate to highly depleted (15-20% depletion) source but with re­
enrichment (during subduction) of VHI (Nb and Zr). Mafic dikes, normalized to FMM, 
display VHI < HI > = MI (Fig. 7.3b), a pattern resembling pattern type 5 o f Pearce and 
Parkinson (1993, Fig. 1 le), their theoretical pattern for high degrees o f  melting o f  a 
slightly depleted source.
The composition o f a given rock is a function o f  the composition o f the initial 
mantle source, any depletion or enrichment o f that source, degree o f partial melting o f  the 
source, and fractional crystallization history o f the rock. These processes are presented 
as trends on Figure 7.4 and the combination o f trends required to reach a given rock 
composition can be termed the “petrogenetic pathway” for that rock (Pearce, 1982).
Figure 7.4 is based on petrogenetic models first described by Pearce (1982) using
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variations in a compatible element (Cr) and an incompatible element (Y) to evaluate 
source regions for magmas. Cr and Y are used because neither element is significantly 
affected by source enrichment, and variations in Cr and Y involve mostly source 
depletion as well as partial melting. Moreover, in the covariation between Cr and Y, 
partial melting and mafic crystallization trends are almost orthogonal, allowing both 
processes to be clearly displayed. I determined the petrogenetic pathway for gabbro and 
mafic dikes by the following procedure.
( 1) 1  calculated fertile MORB mantle (FMM) trace element concentrations 
assuming average NMORB is produced by 20% partial melting o f FMM by 
applying the modal batch-melting equation C„ = Q  [D-  ^F (1-D)] (Appendix 
D). In this equation Co = concentration o f  unknown fertile mantle. C, = 
concentration o f NMORB (Y=28 ppm. Sun and McDonough. 1989; Cr =
2 5 1 ppm, Pearce, 1982), F= fraction o f melt generated (F = 0.20), and D = the 
bulk distribution coefficient based on a mantle mineralogy o f 60% olivine,
30% orthopyroxene, and 10% clinopyroxene. Values for distribution and 
bulk distribution coefficients listed in Table 7.2.
(2) Residual MORB mantle (RMM) is the residuum o f a MORB producing event. 
Trace element abundances of RMM were calculated using Cr = C| D 
(Appendix D), where C, = calculated FMM and D = bulk distribution 
coefficients (same as above). Cr and Y abundances determined for FMM and 
RMM are listed in Table 7.3.
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(3) Mixing o f FMM with RMM will produce an array o f trace element 
abundances intermediate between FMM and RMM, with calculated 
abundances similar to those calculated for slightly depleted FMM. For this 
model, a source produced by 2.5% depletion of FMM (or mixing o f 85% 
RMM and 15% FMM) is calculated.
(4) Partial melting trends using various mantle sources were modeled. Trace 
element concentrations for various degrees o f partial melting are determined 
with the modal batch-melting equation where Ci = Co /[D -rF (1-D)], with Co 
= mantle source (Appendix D).
(5) Variation within a suite o f samples tends to be subparallel with the Cr axis, 
consistent with a simple variation in the extent o f  fractional crystallization, 
and is designated in the model as a fractional crystallization trend.
Intersection o f a fractional crystallization trend with a partial melting trend 
constrains both the possible mantle source and the degree o f  partial melting 
required to produce the samples.
(6) NMORB plots within the field designated on the Cr-Y diagram (Figure 7.4), 
with a typical fractional crystallization vector shown intersecting at 20% 
partial melting o f FMM.
PLMIC gabbro and mafic dikes display two distinct petrogenetic pathways (Fig. 
7.4). The fractional crystallization trend o f the gabbro could never be extrapolated to 
intersect the partial melting trend o f  a FMM source, therefore the source o f the gabbro 
could not have been FMM (asthenospheric mantle). However, it does intersect the partial
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melting trend o f  RNIM. The gabbro appears to be derived from high (-20% ) degrees of 
partial melting o f  a source that is the residuum o f 20% partial melt o f  FMM (Fig. 7.4).
Projection o f mafic dike compositions back to the partial melting trend indicate 
that the mafic dikes could have been derived from either moderately high degrees (-15%) 
o f partial melting o f a source composed o f 85? o RMM and 15% FMM or from ver\’ high 
degrees (-30% ) o f partial melting o f  FMM (Fig. 7.4).
Selected major and trace element data (Fig. 6.3 B. Fig 6.3 D; Figs. 6.4 E-H) 
suggest a heterogeneous source for the Porcupine Lake MIC magmas. The gabbros have 
very low abundances o f  conservative elements, with MI>HI>VHI (Fig. 7.3a). indicating 
high degrees o f  partial melting o f a moderate to highly depleted mantle source. The 
mafic dikes have mantle-derived trace element abundances similar or slightly depleted 
relative to MORB values, with VH1< HI > = MI (Fig 7.3b), indicating moderate degrees 
o f partial melting o f  a slightly depleted FMM source
Characterization o f the magma source- subduction component 
Island-arc (lA) basalts can usually be distinguished from basalts erupted in other 
tectonic setting by their enrichment in LILE (Rb. K. Ba, Th, and Sr) relative to MORB, 
and high LILE/HFSE ratios. Figure 7.2b displays a trace element pattern for a 
representative island-arc tholeiite. A basal line is drawn through the conservative 
elements and extrapolated to Rb; this line represents the expected magma composition 
without a subduction component. The pattern above this line represents the trace element 
contribution from the subducted component.
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Subduction components are derived from the subducting slab and are added to the 
overlying mantle wedge. These components include ( 1 ) siliceous melt derived from small 
degrees o f  partial melting of altered oceanic crust. (2) aqueous fluids derived from the 
dehydration o f altered oceanic crust, and/or (3) sediment carried by the subducting slab. 
Each subduction component, however, displays different trace element enrichment 
patterns. Siliceous partial melts will enrich the mantle wedge with LILE, Ce, P and Sm 
relative to MORB; Ta, Nb, Zr, H f and LREE relative to HREE and Y; and LREE relative 
to Ta. Nb, Zr, and H f (Bau and Knittle; 1993, Yogodzinski et al., 1994). Aqueous fluids 
will introduce LILE into the mantle wedge, but will leave the REE and HFSE behind in 
the slab (Hole et al., 1984). The presence o f aqueous fluids will control the fractionation 
o f Sr from Nd. In addition, a high Sr/Nd is most likely caused by the influence o f slab- 
derived aqueous fluids (Woodhead et al., 1998). Sediment can have many trace element 
patterns due to a variety o f possible sources and can introduce LILE, REE, Pb, Th. Cs, 
anchor Ba to the mantle wedge. O f note, however, is a negative-Ce anomaly found in 
fossiliferous ooze, ferruginous clays, and high P/Mn pelagic sediments (Hole et al.. 1984; 
Plank and Langmuir, 1998) and not in any other oceanic sediments (i.e., continental 
detritus, volcanic detritus, or high Mn/P sediments) (Plank and Langmuir, 1998).
.Addition o f mostly pelagic sediments will produce high ■°^Pb/’°‘‘Pb and high *°^Pb/"°'*Pb 
in the mantle. In island-arc basalts, subduction of continental detritus produces low enj 
and high radiogenic Pb values (Hawkesworth, 1982).
Hydrothermal alteration o f oceanic crust can affect elemental abundances. Most 
o f the LILE, including Cs, Ba, Rb, Sr, and K, can be readily mobilized during 
hydrothermal metamorphism, and their abundances may reflect hydrothermal alteration
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of the rocks. Thorium is not as readily mobilized however, and enrichment o f Th is 
generally considered to be strictly a function o f  subduction processes. Unaltered oceanic 
crust will have high snj, low ®'Sr/*^Sr. and low radiogenic Pb. Siliceous melts or aqueous 
fluids derived from altered oceanic crust will have higher and variable  ^ S r/'‘’Sr. owing to 
the effects o f  seawater interaction with unaltered oceanic crust (Menzies and Seyfried. 
1979).
.All rocks of the Porcupine Lake MIC have island-arc trace element 
characteristics. The high MORB normalized Th/Nb (2-40) o f  the PLMIC rocks is typical 
o f  subduction zones, and not o f  MORB or OIB’s (typical Th/Nb <I ) (Sun and 
McDonough, 1989). Th enrichment relative to Yb (Fig. 7.5 and 7.6a), Pb enrichment 
relative to Yb (fig 7.6b) indicate sediment contribution during subduction. The 
enrichment o f Sr relative to Nd (Fig. 7.6a and b) indicates the interaction o f slab-derived 
aqueous fluids with the mantle wedge.
Rocks o f the Porcupine lake MIC also display enrichment o f  LILE relative to 
HFSE, another characteristic typical o f island-arc basalts. Most oceanic crust is 
hydrothermally altered to some degree (Humphris and Thompson, 1978). Material that 
has been hydrothermally altered is more likely to be mobilized during subduction, and 
will exert a large influence on the chemical composition o f the magmas produced 
(Hawkesworth, 1982), resulting in enrichment o f LILE.
Gabbro samples are the only PLMIC rocks that display a significant positive Eu 
anomaly. Positive Eu anomalies have been attributed to plagioclase accumulation 
(Woodhead et al., 1989), plagioclase accumulation and resorption in ponded magma 
chambers (Vukadinovic, 1993), fluid/mineral interactions in a reducing environment
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found in subduction zones (Woodhead et al., 199S). or from the interaction o f rock with 
hydrothermal fluids (Michard et al., 1983). Although some gabbro samples have both 
high A1:0;, (>20 wt.%) and significant positive Eu anomalies, suggesting plagioclase 
accumulation, others samples (i.e., P987-36 and P9S7-40) have significant positive Eu 
anomalies but have AI2O3 contents less than 2 0  wt.%, suggesting a process other than 
plagioclase accumulation is responsible for those positive Eu anomalies. Another 
possibility for the formation o f a positive Eu anomaly is that it is derived from the 
subduction fluid itself (Woodhead et al., 1998). At temperatures greater than 300°C 
divalent Eu predominates over trivalent Eu (Sveijensky, 1984; Bau, 1991). Under these 
conditions, Eu‘~ is larger than trivalent MREE and will be less likely to enter into the 
lattice sites o f  Mg'* and Fe'~ than other MREE and will become concentrated along grain 
boundaries. Thus, fluids generated at high temperatures are expected to possess a 
positive Eu anomaly, and indeed hydrothermal fluids sampled along the East Pacific Rise 
exhibit significant positive Eu anomalies (Michard et al., 1983). Indeed, the possibility 
exists for the interaction o f rock with Eu enriched hydrothermal fluids to produce a 
positive Eu anomaly. In a study o f REE mobility in zones o f hydrothermal alteration, 
Valsami and Cann (1992) concluded that anomalous enrichment o f Eu occurs only in 
epidosites, which are highly altered rocks that were subjected to very high water to rock 
(>10") ratios. Therefore, whereas hydrothermal alteration may have produced the 
positive Eu anomaly exhibited in the gabbro, it is more likely that the anomaly was 
primary and related to properties o f the subduction fluid.
REE patterns o f  the ultramafic rocks and gabbros display a significant negative 
Ce anomaly (Fig. 6 .6 ). Cerium will exist in a trivalent state under the reducing
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conditions in a subduction zone (White and Patchett, 1984), and will not fractionate 
anomolusly relative to other LREE during fluid rock interactions. Under oxidizing 
conditions found during hydrothermal fluid/rock interactions. Ce^* will form and the Ce 
would be held back in the rock relative to other LREE (Valsami and Cann. 1992). and the 
resulting altered rock would tend to display a positive Ce anomaly. Therefore, 
subduction fluids or hydrothermal alteration will probably not create the negative Ce 
anomaly. Seawater, however, has a prominent negative Ce anomaly (Elderfield and 
Graves. 1982). most likely derived from the discharge of Ce depleted hydrothermal fluids 
into the oceans. The negative Ce anomalies found in fossiliferous ooze (Hole et al.,
1984) and high P/Mn sediments (Plank and Langmuir. 1998) are derived from the detritus 
o f  organisms that produced shells or bones in chemical equilibrium with seawater. 
Ferruginous clays produced by rock interaction with hydrothermal fluids also have 
prominent negative Ce anomalies. Therefore, the occurrence o f negative Ce anomalies is 
probably caused by the incorporation o f  pelagic sediments (fossiliferous ooze, high P/Mn 
sediments, and/or ferruginous clays) during the subduction process (Hole et al.. 1984).
Sr, Nd, and Pb isotopic ratios provide evidence of the mantle source, subduction 
component(s), and/or hydrothermal alteration, enü values for PLMIC gabbros and mafic 
dikes (Fig.7.7).are high enj and are close to MORB values, consistent with a depleted 
mantle source. Gabbro and mafic dikes display variable ^'Sr/'^^Sr, ranging from depleted 
mantle values and higher (Fig. 7.7). High ^^Sr/^^Sr relative to Enj suggests interaction 
with seawater. Rock/seawater interaction causes fractionation between Nd and Sr 
isotopes, with altered rocks displaced toward higher ®’Sr/*^Sr ratios, reflecting both the 
greater mobility o f Sr and the extremely small quantities o f Nd that are present in
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seawater (Hogdahl et al., 1968). Pb isotopic data (Fig. 7.8) plots mostly between the 
MORB and upper crust fields, suggesting MORB (depleted mantle) source Pb isotopic 
compositions have been modified by crustal contamination. Zartman and Doe (1981) 
indicate that Devonian oceanic sediments would plot on a *°'Pb "^''Pb versus '°^Pb/‘“^ Pb 
diagram in a position similar to that displayed by the PLMIC samples. Because the 
values do not suggest a crustal contribution, an oceanic sediment component most likely 
accounts for the Pb isotopic signature seen in PLMIC samples. values, although 
significantly affected by a crustal contribution, are little affected by an oceanic sediment 
component, due to extremely low sediment Nd to mantle Nd ratio. The Pb isotopic 
signature is strong because the sediment Pb/mantle Pb is high and only small amounts of 
sediment is needed to greatly affect Pb isotopes.
Trace element source models 
Trace element models are helpful in constraining the composition o f the mantle 
and contribution of an enrichment component to the primary mantle source.
Conser\ ative trace element patterns suggest that most SSZ lavas are derived either by 
partial melting of fertile MORB mantle (FMM), the global conducting upper mantle 
reservoir from which NMORB is derived (Pearce and Parkinson, 1993), or from the 
residues from partial melting o f FMM (residual MORB mantle or RMM). Models 
produced in this study were constructed by mixing various mantle and subduction 
components using mass balance equations. The models were constructed using both 
FMM and RMM as the starting mantle component. FMM and RMM trace element 
compositions were determined using the partial melting equations described in Appendix
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D. Subduction components used in modeling include slab-derived melt (Adakite sample 
V3842V3. Yogodzinski et al., 1995), global subducted sediment (GLOSS. Plank and 
Langmuir, 1998), volcanic detritus (Ben Othman et al., 1989), slab derived fluids (Hole et 
al.. 1984), and Pacific authigenic weighted mean sediment (P.AWMS, Hole et al.. 1984) 
(Table 7.3). GLOSS consists mostly o f terrigenous sediments, and is similar to upper 
continental crust composition (Plank and Langmuir, 1998). PAWMS comprise 95% 
pelagic ooze and 5% ferruginous clays (Hole et al., 1984). OIB represents an enriched 
mantle source that has been suggested to be involved in mantle wedge metasomatism 
(Hickey-Vargas, 1989). As such, OIB also was considered as an enrichment source in 
the models (OIB, Sun and McDounogh, 1989). REE abundances o f  the model 
enrichment components versus chondrite are showm in Figure 7.9. Continental detritus 
(Ben Otiiman et al., 1989) is plotted to show its similar composition to GLOSS (Fig.
7.8a). Pelagic sediments display significant absolute enrichment o f  R EE 's (lOO-lOOOx 
chondrite), slight enrichment o f LREE over HREE, and significant negative Ce 
anomalies.
.Models
Combining different proportions o f mantle and subduction components and 
partially melting each o f  these combined sources (Fig. 7.10) generated thirteen mixing 
models. Partial melting o f the combined source was modeled using the modal batch 
melting equation given above (see also Appendix D), where Co = the combined source. 
Seven models (A-G) combined small amounts o f subduction component(s) with a RMM 
source. Six models (H-L) combined small amounts o f subduction component(s) with a
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FMM source. One model (M) used a combination o f RMM and FMM sources along with 
subduction components.
I used several different percentages o f partial melting to produce the trace element 
source models. Petrogenetic interpretation o f  trace element spider diagrams involves 
both the shape o f the pattern produced and the absolute abundances o f  the element. The 
variables o f interest to produce these models are the starting source composition, the bulk 
distribution coefficient, and the percentage o f  partial melting. The shape o f  the pattern is 
controlled largely by the starting source composition and by the bulk distribution 
coefficient o f  each element, while the abundances are largely controlled by the 
percentage o f partial melting. For the purpose o f this study, the mantle source 
composition is o f  primary importance, therefore models were produced first by varying 
the mantle components until a pattern shape reasonably fit the pattern produced by the 
PLMIC samples, then the abundances o f the conservative elements were adjusted by 
varying the percentage o f  partial melting until the overall best fit was produced.
Models A-D displays trace-element concentrations produced by a 20T6 partial 
melting o f a source composed o f 98.6% RMM -i- 0.4% PAWMS + 1% o f  the following 
components; OIB (Model .A), slab-derived melt (Model B), GLOSS (Model C) and 
volcanic detritus (Model D). Models A and B produced Nb = Th and La, and models A,
B, and C produced LREE> HREE and no negative Ce. Because a successful model 
requires Nb< Th or La, LREE < HREE, and a significant negative Ce anomaly, each of 
these models are rejected. Model D produced extremely low Th and this model is also 
rejected.
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Model E is produced by 20% partial melting o f a source composed o f 98.6%
R_MM and 1.4% slab-derived fluids. This model produced extremely low abundances o f 
the LREE and Nb, and no Ce anomaly, and is rejected.
Model F is produced by 20% partial melting o f a source composed o f 98.6%
R \IM  and 1.4% P.AWMS. This model produced Th abundances at significantly lower 
values than is recorded in the samples, and is rejected.
Model G is produced by 20% partial melting o f a source composed o f 98.6%
RMM -  1% slab-derived fluids + 0.4% PA\^M S. Except for higher than expected values 
for Rb and Ba (both highly mobile elements) model G produces the best fit and is the 
preferred model for the PLMIC gabbro.
Models H-L displays trace-element concentrations produced by a 30% partial 
melting o f a source composed o f 98.6% FMM -r 0.4% PAWMS — 1% o f  the following 
components; OIB (Model H), slab-derived melt (Model I), slab-derived fluids (Model J), 
GLOSS (Model K) and volcanic detritus (Model L). None o f the models produced the 
significant negative Nb depletion relative to Th or La exhibited by the gabbro or the 
mafic dikes and all o f these models are rejected.
Model M is produced by a 10% partial melting o f a source composed of 85%
RMM 4- 15% FMM + 0.4% slab-derived fluids + 0.1% PAWMS. Except for higher than 
expected values for Rb and Ba (both highly mobile elements) model M produces the best 
fit and is the preferred model for the PLMIC mafic dikes
In summary, it appears that the gabbro and mafic dikes where derived from 
mantle sources with different compositions but modified by the same subduction 
components. The gabbro samples are best modeled as partial melts o f  a RMM that was
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metasomatized by small amounts o f  slab-derived fluids and mixed with small amounts o f 
PAWMS (Fig. 7.10. Model G). The mafic dikes are best modeled with similar 
subduction components added to a mantle that was a composite o f mostly R \IM  with 
some F.MM (Fig. 7.10. Model M).
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Figure 7.1. Ni vs. Cr variation diagrams showing accumulation and fractionation 
models for the differentiation o f mafic lithologies. 30-50% fractionation (70% 
clinopyroxene and 30% olivine) o f  a parental basalt (sample P987-48) produces an 
accumulation model that reasonably fits the trace element abundances o f  the 
clinopyroxenite and a fractionation model that explains variations in gabbro. Mafic 
dikes are plotted to show they were probably derived from a similar fi-actionation 
process with a parental magma similar to P987-48.The upper diagram (A) displays 
accumulation and fractionation models and the lower diagram (B) highlights the 
fractionation model.
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Table 7.1. Distribution coefficients used in fractionation models
Distribution coefficient values
T race e le m e n ts______ olivine_______clinopyroxene___________
Cr 1.5 10
Ni 8.7 1.5
Bulk distribution coiefficient for fractionation model
T race e le m e n ts________D= 70% cpx, 30% ol________________
Cr 7.45
Ni 3.66
Data so u rces used: Hart and Dunn, 1993: Kennedy et al.. 1993; 
S tee le  and Lindstrom, 1981.
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Figure 7.2. MORB-normalized spider diagrams for oceanic basalts from (A) non-SSZ 
settings and (B) a SSZ setting. Shown here are non-SSZ basalts including N-type 
MORB, E-type MORB, OIB (from Sun and McDonough, 1989), and a SSZ low-K 
tholeiitic basalt from the South Sandwich Islands (sample SSC 34-2 from Pearce et al., 
1995). OEB and E-type MORB have a downward sloped pattern o f conservative 
elements (Nd, Sm, Eu, Dy, Y, Yb, and Lu) and display no negative Nb anomaly. SSZ 
tholeiites have a parallel pattern but are depleted relative to NMORB pattern o f 
conservative elements, and have a pronounced negative Nb anomaly. A baseline is 
drawn through the conservative elements and extrapolated through to Rb and 
represents the mantle component before any enrichment by a subduction component. 
Stipple pattern above baseline represents the subduction component. Figure 7.2B 
modified from Pearce (1983).
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Figure 7.3. Gabbro and mafic dikes normalized to fertile MORB mantle (FMM) o f  
Pearce and Parkinson (1993). Gabbro (A) displays extreme depletion o f  very highly 
incompatible (VHI) and highly incompatible (HI) relative to moderately incompatible 
elements (MI). Such a pattern matches the theoretical pattern for high degrees o f  
melting o f  a depleted mantle source, with re-enrichment of the VHI elements. Mafic 
dikes (B) display VHI < HI >MI, a pattern indicating high degrees o f  melting o f  a 
slightly depleted mantle source. For comparison, samples fi-om Tafahi and Ata are 
shown (from Pearce and Parkinson, 1993; figures I I g and lie , p, 389).
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Figure 7.4. Petrogenetic model using variations in a compatible element (Cr) against 
an incompatible element (Y) (after Pearce, 1982). Calculations for determining fertile 
MORB mantle (FMM) and residual MORB mantle (RMM) compositions, and partial 
melting trends are described in the text. Fractional crystallization vectors o f gabbro 
and mafic dikes are extrapolations o f  trends produced by samples back to the partial 
melting trend. Gabbro appears to have been derived from 20% partial melting o f  the 
residuum o f 20% melt o f FMM. Mafic dikes appear to have been derived from 15% 
melting o f  a slightly depleted (2.5%) mantle source, or from high degrees (—30) partial 
melting o f  FMM. Typical NMORB fractional crystallization trend indicating 
approximately 20% partial melting o f  FMM is shown for comparison.
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Distribution coefficient values Bulk distribution coefficient for melting m odels
Trace Elements olivine orihopyroxene clinopyroxene 0=  60%ol, 30%opx, 10% cpx
Rb 0.005 0.0015 0.001 0.0036
Ba 0.003 0.002 0.002 0.0026
Th 0.0006 0.003 0.004 0.0017
Nb 0.0006 0.005 0.01 0.0029
La 0.0005 0.01 0.03 0.0063
Ce 0.0001 0.01 0.06 0.0091
Sr 0.009 0.02 0.1 0.0214
Nd 0.007 0.03 0.2 0.0332
Sm 0.001 0.05 0.3 0.0456
Eu 0.002 0.06 0.4 0.0592
Dy 0.004 0.1 0.5 0.0824
Y 0.01 0,1 0.5 0.0860
Yb 0.02 0.1 0.5 0 0920
Lu 0.05 0.1 0.5 0.1100
Cr 1.5 7 10 4
Data sources used: Colson et al., 1988, Colson and Gust, 1989; Dunn and McCallum, 1982; Forsythe et al,, 1991; Fujimaki and 
Tasumoto, 1984; Gaétan! and Grove, 1991; Green and Pearson, 1985; Green et al., 1989; Jenner et al., 1993; Johnson and 
Kinzier, 1898; Kennedy et al., 1993; McKay, 1989; McKay, 1986; Nielsen et al., 1994; Pearce and Parkinson. 1993;
Ray et al., 1983; Skulski and Watson, 1992.
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Table  7.3. V a lu e s  u s e d  in t race  e lem e n t  s o u r c e  m ode ls
Trace elem ents  
in ppm
NMORB FMM RMM OIB Adakite Slab Fluid GLOSS Volcanic
Detritus
PAWMS
Rb 0.56 0,114 0.000403 31 30 240 57.2 36.95 3.6
Ba 6.3 1.273 0.00331 350 297 520 776 251 1338
Th 0.12 0.0242 0.00004 4 2.86 5.4 6.91 0.23
Nb 2.33 0.0471 0.00135 48 30 0.29 8.94 1.25
La 2.5 0.513 0.00323 .37 29.6 0.35 28.8 9.75 25.8
Ce 7.5 1.554 0.00141 80 70.3 1.33 57.3 22.67 9.6
Sr 90 19.541 0.418 660 2446 110 327 160 1144
Nd 7.3 1.654 0.0549 38.5 38.3 1.19 27 10.92 19.3
Sm 2.63 0.622 0.0284 10 6.62 0.41 5.78 2.66 4.4
Eu 1.02 0.252 0.149 3 1.73 0.15 1.31 0.76 1.13
Dy 4.55 1.029 0.0997 5.6 5 0.5 4,99 2.92 5
Y 28 7.526 0.647 29 10 4.4 29.8 46.13
Yb 3.05 0.834 0.0788 2.16 0.7 0.4 2.76 1.79 5.55
Lu 0.46 0.131 0.0144 0.3 0.08 0.07 0.413 0.27 0.62
Cr 251 853.4 3413.6
Data Sources: NMORB and OIB from Sun and McDonough. 1989; NMORB (Cr) from Pearce. 1982; Adakite sample V3842Y3 from 
Yogodzinski et al.. 1995; Slab Fluid and PAWMS from Hole el al.. 1984; GLOSS from Plank and Langmuir. 1998; Volcanic Detritus 
from Ben Othman el at.. 1989, FMM and RMM calculated in this study, se e  text.
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Figure 7.5. Th/Yb vs. Ta/Yb for gabbro, mafic dike, and felsic dike samples. 
Diagram illustrates that the PLMIC magmas were derived from a depleted mantle 
source and subsequently modified as slab-derived fluids metasomatized the mantle, 
increasing Th. PC represents the fractional crystallization liquid evolution vector. 
Diagram modified from Pearce (1982).
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Figure 7.6. Th/Yb vs. Sr/Nd (A) and Pb/Yb vs. Sr/Nd (B) o f  PLMIC samples. High 
Sr/Nd results from the preferential transport o f Sr in slab-derived fluids. High Th/Yb 
and Pb/Yb indicate the incorporation o f sediment during the subduction process. 
PLMIC gabbro display elevated Sr/Nd and slightly elevated Th/Yb and Pb/Yb, 
suggesting both slab-fluid and sediment subduction components.
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Figure 7.7. vs. ’^Sr/s^Sr for gabbro and mafic dikes. Magmas with g^  ^greater 
than bulk earth and *’Sr/*^Sr less than bulk earth are derived from a depleted mantle 
source. MORB and mantle array fields from Zindler et al. (1982) and Silurian- 
Devonian seawater isotopic composition estimated from Burke et al. (1982). PLMIC 
gabbro and mafic dikes can be modeled in terms o f variable amounts o f mixing 
between a depleted mantle source and seawater. Direct interaction between crust and 
seawater will increase s^Sr/^^'Sr without increasing gj^ ,^ because o f the very low 
abundances o f Nd in seawater.
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Figure 7.8. vs. 2o&py/204py for gabbro and mafic dikes. MORB, Upper
Crust, and pelagic sediment fields are defined by values from Zartman and Doe 
(1981). Gabbro and mafic dikes can be modeled in terms o f  a mix o f  MORB and 
upper crust, however low values (see Fig. 7.7) indicate no crustal contribution. 
This suggests that the isotopic ratios are derived from a pelagic sediment contribution.
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Figure 7.9. REE abundances o f  possible enrichment components. Note the similar 
pattern between GLOSS and continental detritus (A), and similar patterns o f the 
various pelagic sediments (B). Data sources are the same as in Table 7.3.
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Figure 7.10. Trace element models calculated to place constraints on the parental 
magma o f the Porcupine Lake MIC. Models A, B, C, and D produced by 20% 
partial melting o f source composed o f 98.6% RMM + 0.4% PAWMS + 1% o f 
the following components: model (A) OIB, model (B) slab-derived melt, model 
(C) GLOSS, and model (D) volcanic detritus. Models A and B produced Nb s  Th 
and La, models A, B, and C producedLREE>HREE and no negative Ce anomaly, 
and model D produced extremely low Th.
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Figure 7.10. Trace element models calculated to place constraints on the parental 
magma o f the Porcupine Lake MIC (continued). Model E produced by 20% 
partial melting o f  source composed o f  98.6% RMM + 1.4% slab-derived fluids. 
Model F produced by 20% partial melting o f  source composed o f 98.6% RMM -+ 
1.4% PAWMS. Model E produces extremely low abundances o f LREE and Nb, 
L R E E «H R E E , and no negative Ce anomaly, and model F produces low Th.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
90
1 0 0
uo£T
0.1
0.01
Rb B a Th N b La C e  S r Nd S m  Eu D y Y Yb Lu
100
0)
y
oo
ce
0.1
La C e  Nd S m  Eu Dy Yb Lu
□ Model G o  Gabbro sample P987-38 
A Mafic dike sample P988-20
Figure 7.10. Trace elem ent m odels calculated to place constraints on the parental 
m agm a o f  the Porcupine Lake M IC (continued). M odel G produced by 15% 
partial melting o f  source com posed o f  98.6%  RMM -+- 1% slab-derived fluids + 
0.4 PAWMS. M odel produces high abundances o f  h ighly mobile elem ents Rb 
and B a but produces a  very  close fit w ith the abundances o f  incompatable, 
m antle derived elem ents o f  the gabbros.
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Figure 7.10. Trace element models calculated to place constraints on the parental 
magma o f the Porcupine Lake MIC (continued). Each model produced by 30% 
partial melting o f  source composed o f  98.6% FMM + 0.4 % PAWMS + 1 % of 
the following components: model (H) OIB, model (I) slab-derived melt, model (J) 
slab-derived fluids, model (K) GLOSS, and model (L) volcanic detritus. None of 
the models produce the significant negative Nb anomaly relative to Th or La that is 
exhibited in the mafic dikes or gabbro.
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Figure 7.10. Trace element models calculated to place constraints on the parental 
magma of the Porcupine Lake MIC (continued). Model M produced by 10% partial 
melting of source composed o f 85% RMM + 15% FMM + 0.4% slab-derived fluids 
+ 0.1% PAWMS. Except for the high abundances o f  Rb and Ba, the model produces 
a very close fit with the abundances o f the other elements o f  the mafic dikes.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
CHAPTER 8
TECTONIC SETTING OF THE PORCUPINE 
LAKE MAFIC INTRUSIVE COMPLEX 
Models o f  Ophiolite Formation 
Ophiolites are pieces o f oceanic lithosphere, typically with the lithostraiigraphic 
association o f peridotite, gabbro, basalt or diabase dike swarms, pillow lavas, and pelagic 
sediments, that have been tectonically emplaced onto continents (Coleman, 1977). After 
the emergence o f the plate tectonic theory, most ophiolites were initially considered to be 
fragments o f oceanic lithosphere formed by seafloor spreading at mid-ocean ridges 
(MORE ophiolites), that were subsequently emplaced onto a continental margin. Later 
research recognized that many ophiolites have physical, petrological, and geochemical 
characteristics different from those observed at modem mid-ocean ridges (Hawkins,
1980; Serri, 1981; Bloomer and Hawkins, 1983; Pearce, 1984; Rautenschlein et al.,
1985). Identification o f  subduction components in the magmatic rocks o f some 
ophiolites has led to the reinterpretation o f  the origin o f  some ophiolites. Ophiolites with 
a subduction zone geochemical signature have been designated supra-subduction zone 
(SSZ) ophiolites (Pearce et al., 1984), and are interpreted as oceanic crust forming above 
an active subduction zone, in contrast to ophiolites formed at mid-ocean ridges (MORE 
ophiolites).
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MORB ophiolites
MORE ophiolites form at mid-ocean ridge spreading centers when partial melting 
o f asthenospheric mantle produces basaltic crust. Characteristics o f  crustal rocks 
produced at mid-ocean ridges include geochemical signatures where LILE < HFSE and 
LREE are depleted relative to HREE (Sun ei al.. 1979) and a crystallization sequence of 
plagioclase before clinopyroxene (Bender et al., 1978).
SSZ ophiolites
Proposed tectonic settings for SSZ ophiolites include rifted island-arcs, (2) back- 
arc basins, and (3) extensional forearcs. Basalts from SSZ ophiolites generally have 
characteristics typical o f  island-arc basalts, with selective enrichment o f  large-ion 
lithophile elements (LILE; e.g,, Sr, Rb, Ba, Th) relative to high field-strength elements 
(HFSE; e.g.. Ta, Nb, Hf, Ti, Zr, Yb, Y) (Pearce et al., 1984) and a crystallization 
sequence o f  clinopyroxene before plagioclase (Pearce et al., 1984).
Rifted island-arc and backarc basin model
Oceanic lithosphere can form during the rifting o f island-arcs, as rifting o f an arc 
terrain forms a spreading basin. During initial spreading, both MORB and SSZ magmas 
are generated, with MORB magmas generally predominant (Hawkins, 1995). The 
magmas typically display HREE compositions similar to MORB (Taylor et al., 1992; 
Hawkins, 1995), however some magmas show LILE enrichment typical o f  SSZ settings 
(Hawkins, 1995). Continued rifting can lead to crustal spreading and the formation o f  a 
back-arc basin. As spreading proceeds the distance between the site o f  magma
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generation and the trench increases. Magmas produced in mature back-arc settings are 
similar to MORB in petrography and geochemistry, with little to no enrichment by 
subduction components (Hawkins, 1995).
Forearc model
Interpretation o f data from the Deep Sea Drilling and Ocean Drilling Projects has 
led to a model suggesting that rocks o f Eocene age from the forearc region o f the Izu- 
Bonin-Mariana arc (IBM) are oceanic lithosphere formed in the forearc region during 
initial development o f that arc (Bloomer et al., 1995). Rocks from the IBM forearc 
region are low-K tholeiites and boninites with SSZ petrologic and geochemical 
signatures. SSZ signatures reported for the IBM forearc include gabbros that are 
orthopyroxene-clinopyroxene-plagioclase accumulates, with the pyroxenes appearing 
before plagioclase, and extreme depletion o f  HFSE (ie.. Ta and Nb) relative to HREE 
(Bloomer et al., 1995). According to the forearc model, forearc extension during the 
earliest stages o f subduction-related magmatism is the result o f  rollback o f the newly 
forming subduction hinge. Partial melting o f the overlying mantle wedge is due to 
extensional decompression and release o f volatiles and/or siliceous partial melts from the 
descending slab. The magmas produced are ultradepleted boninites and low-K tholeiites 
with SSZ chemical signatures, therefore the most likely magma source is extremely 
depleted oceanic lithospheric mantle metasomatized by volatiles and siliceous melts 
released by the descending slab (Pearce et al., 1992; Bloomer et al., 1995).
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Island Arc (SSZ) Tectonic Setting for the PLMIC 
All PLMIC lithologies display enrichment of LILE relative to HFSE. a 
characteristic o f magmas formed in island arc (or SSZ). not mid-ocean ridge, tectonic 
settings. Interpretation of tectonic setting using geochemical patterns involving LILE is 
complicated by the potential mobility of most of these elements during low-grade 
metamorphism and alteration. Tectonic discrimination diagrams are geochemical 
diagrams that permit a basalt o f unknown origin to be assigned to its most probable 
tectonic setting of eruption (Pearce, 1996). Particularly useful are diagrams that use a 
combination of conservative (ie., not added to mantle wedge during subduction), 
immobile elements and non-conservative (ie., added to mantle wedge during subduction), 
immobile elements. The Th-Hf-Ta diagram (Wood, 1980; Pearce. 1996) (Fig 8.1) 
utilizes two conservative, immobile elements (Hf and Ta) and a non-conservative, 
immobile element (Th). Figure 8.1 shows ( 1 ) the fields for four tectonically defined 
basalt types, (2) N-MORB mantle source (MM), and (3) various petrogenetic vectors.
The PLMIC gabbro and mafic dikes define a trend that indicates subduction zone 
enrichment of a mantle source that was previously depleted or experienced a high degree 
of partial melting, and clearly indicates an island-arc or SSZ tectonic setting for the 
PLMIC.
Diagrams that plot HFSE abundance against an index of fractionation such as 
MgO are also useful in identifying tectonic setting. The TiO: vs. mafic index (FeO/[FeO 
+ MgO]) diagram (Fig. 8.2) differentiates fractionation trends of magmas from ophiolites 
formed in MGR and LA tectonic settings (Serri, 1981). Serri (1981) discriminated
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between ophiolites based on two distinct fractionation trends, with gabbro o f  high-Ti 
ophiolites having MORB compositions and gabbro o f  low-Ti ophiolites displaying 
mostly lA geochemical signatures. O f PLMIC samples, the gabbro clearly plot in the 
low-Ti ophiolite field, with the mafic dikes plotting on the transition between the low-Ti 
and high-Ti ophiolite fields. The low-Ti fractionation trend supports the interpretation of 
a SSZ paleotectonic setting for the PLMIC.
Paleoforearc Position o f  the PLMIC 
Having established that the PLMIC formed as a part o f  a SSZ, and not a MORB, 
ophiolite, the next goal is to determine the paleotectonic setting within the subduction 
zone in which the PLMIC magmas were generated. Two main lines of evidence support 
a forearc setting interpretation for the PLMIC. One is that the PLMIC magmas were 
derived from a highly depleted mantle source. The other is that the PLMIC and other 
mafic intrusive complexes o f  the Trinity terrane record a long period of subduction- 
related magmatism.
Several studies indicate that highly depleted SSZ compositions occur in various 
forearc basalts (Stem and Bloomer, 1992; Pearce et al., 1995; Woodhead et al., 1998). 
Other studies indicate that, relative to NMORB, only slight degrees o f depletion o f HFSE 
occur in arc magmas (Pearce, 1982; Taylor et al., 1992), and that non-depleted, or even 
somewhat enriched, magmas occur in back-arcs (Taylor et al., 1992; Pearce and 
Parkinson, 1993; Woodhead et al., 1993). Taylor et al. (1992) noted a systematic 
variation o f HFSE (TiOz, Zr, and Y) abundances along transects o f  intraoceanic arcs.
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with abundances o f  the HFSE lowest in magmas formed in forearcs, higher abundances 
in arc magmas, and the highest abundances in the back-arc magmas. Pearce and 
Parkinson (1993) and Woodhead et al. (1993) noted the high abundance o f  Nb relative to 
Y or 'Yb in Scotia Sea back-arc magmas and reached a similar conclusion that these 
magmas were derived from an undepleted MORB mantle source. The interpretation o f  a 
depleted mantle source indicates that PLMIC magmas formed in a forearc environment.
A long period (~30 Ma) o f subduction-related magmatism recorded in the mafic 
intrusive complexes o f the Trinity terrane serves to reject the rifted-island arc or back-arc 
regions as possible tectonic settings for the Trinity terrane, lending further support to the 
forearc setting hypothesis. U-Pb zircon age data from the mafic intrusive complexes o f  
the Trinity terrane record a spectrum o f Early Silurian (431 ± 3 Ma) to Early Devonian 
(398 ± 3 Ma) crystallization ages (Wallin and Metcalf, 1998). The Bonanza King 
(Willse, 1999), Craggy Peak (M etcalf et al., in review), Billy’s Peak (Smith et al., 1999) 
and Porcupine Lake complexes clearly record subduction zone geochemical 
characteristics (Figure 8.1). East-west trending aphanitic dike swarms intruding the 
Bonanza King (Willse, 1999), Billy’s Peak (Peterson et al., 1991), Flume Creek (the 
“Conant sheeted dikes” o f Brouxel et al., 1988), Mt. Bradley (Wallin and Metcalf, 1998), 
and Porcupine Lake complexes record magmatic emplacement in an extensional 
environment tliroughout this time period. If  the Trinity terrane had formed in a rifted 
island arc or back-arc setting, the magmas generated would be expected to evolve to 
more MORB-like compositions over time, and magmas from younger bodies such as 
B illy’s Peak and Porcupine Lake would display little to no enrichment o f non­
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conservative elements. Clear subduction zone characteristics in all Trinity terrane crustal 
rocks make a rifted island arc or back arc setting unlikelv.
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Figure 8.1 Th-H£73-Ta diagram (from Wood, 1980) including gabbro and mafic dike 
samples from Porcupine Lake MIC, Billy’s Peak MIC (Smith et al., 1999), Bonanza King 
MIC (Willse, 1999), and Craggy Peak complex (Metcalf et al., in press). Tectonic fields 
include island arc basalts (lAB), normal MORB (NMORB), enriched MORB (PMORB), 
and within-plate basalts (WPB). MM, representing a NMORB mantle source, and 
petrogenetic vectors from Pearce (1996). Almost every sample lies along the 
petrogenetic vector that defines magmas derived fr^ om a depleted mantle source that was 
subsequently enriched by subduction zone component(s).
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Figure 8.2. Gabbro and mafic dikes plotted on TiOz vs. mafic index (FeO/[FeO + MgO]) 
diagram from Serri (1981). Diagram discriminates between ophiolites based on two 
distinct fractionation trends, one o f high TiOz having MORB compositions, the other 
with low TiOz having island-arc compositions. PLMIC samples plot within low-Ti field, 
suggesting an island-arc (SSZ) setting for the PLMIC.
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CHAPTER 9 
CONCLUSIONS
1. The Porcupine Lake mafic intrusive complex formed during four separate 
intrusive events during the Early Devonian. An ultramafic-mafic pluton. consisting o f 
basal layered peridotite and cumulate clinopyroxenite overlain by isotropic gabbro. 
records intrusion into pre-existing Ordovician peridotite. East-west trending, steeply- 
dipping, aphanitic dikes intruded the pluton and record the latest intrusive event.
Presence of east-west trending dikes indicates emplacement in a present-day. north-south 
extensional environment.
2. Trace element and isotope geochemistry indicates that the parental magmas o f the 
PLMIC were derived mostly from a very depleted mantle source modified by subduction 
components. All PLMIC lithologies display enrichment of LILE relative to HFSE and 
HREE. and show a large depletion of HFSE (especially Nb and Ta) relative to NMORB.
3. Trace element mixing models constrain the composition of the magma source. 
Models indicate the magma source of the gabbro was primarily of residual MORB mantle 
with small additions of slab-derived aqueous fluids and pelagic sediments. The models 
also show that the source o f the mafic dikes as one that is mostly RMM but with an 
enrichment component of fertile MORB (asthenospheric) mantle in addition to slab- 
derived fluids and pelagic sediments.
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4. Comparing the geochemistry of the PLMIC to other mafic intrusive complexes o f 
the Trinity terrane shows that subduction-related magmatism occurred in the Trinity 
terrane for approximately 30 million years.
5. Models o f the Trinity terrane tectonic setting include formation as a mid-ocean 
ridge, a backarc basin, or a forearc ophiolite. Clear subduction zone geochemical 
characteristics o f the PLMIC effectively refutes the mid-ocean ridge ophiolite hypothesis. 
Backarc basin magmas generally have MORB-like abundances o f HFSE and tend to 
display fewer subduction zone enrichment characteristics as the backarc basin matures 
over time. The high depletion o f  HFSE in the PLMIC and presence o f  subduction zone 
characteristics in Trinity terrane crustal rocks is inconsistent with magma generation in a 
long-lived backarc setting. Highly depleted magmas are common in many forearc 
regions, supporting the hypothesis o f  a forearc setting for the Porcupine Lake mafic 
intrusive complex.
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APPENDIX A. PART 1
STRIKE AND DIP OF LAYERING STRUCTURES IN PERIDOTITE, LAYERED 
PERIDOTITE. CLINOPYROXENITE, AND GABBRO UNITS
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STRIKE AND DIP OF LAYERING IN PERIDOTITE, LAYERED  
PERIDOTITE. CLINOPYROXENITE. AND GABBRO UNITS
Unit 
Peridotite (Op)
Layered Peridotite (pdl)
Clinopyroxenite (px) 
Gabbro (Dg)
Attitude 
N60W, 33NE 
N62W, 24NE 
N63W, 63NE 
N52E, 52NW 
N57E, 24NW 
N28E, 62NW 
N47W, 49SW 
N55W, 52SW 
N30W, 40SW 
N50W, 48SW 
N65W, 40SW 
N53W, 58SW 
N43W. 45SW 
N23W, 44SW 
N32W, 55SW 
N24W, 50SW 
N40W, 55SW 
N65W, 45SW 
N70W, 44SW 
N72W. 17SW 
N45W, 50SW 
N27W, 72SW 
N25W, 50SW 
N34W, 47SW 
N66W, 85SW 
N60W, 77SW 
N10W. 55SW 
N34W, 34SW 
N32W, 44SW 
N54E, 47NW 
N42E, 51NW 
N10E, 30NW 
N20E, 45NW 
N12W, 34SW 
N18E. 43NW 
N38E, 44NW
Layering type 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Compositional 
Crystal Alignment 
Crystal Alignment 
Compositional 
Compositional 
Compositional 
Crystal Size 
Crystal Size 
Crystal Size 
Crystal Size 
Crystal Size 
Crystal Size 
Crystal Size
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APPENDIX A. PART 2
STRIKE AND DIP DATA FOR DIKES
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STRIKE AND DIP DATA FOR DIKES
Attitude Dike Host Rock Location
N84E, 65SE Trondhjemite Pyroxenite N. of Cedar Ok.
N75E, 88NW Diabase Gabbro Dike Swarm
N80E, 90 Diabase Gabbro Dike Swarm
N65W, 70SW Diabase Peridotite S. of Porcupine Lk.
N73W, 70NE Andésite Gabbro S. of Porcupine Lk
N68W, 68SW Diabase Gabbro S. of Porcupine Lk
N85E, 82SE Diabase Peridotite S. of Porcupine Lk
N86W, 74SW Diabase Gabbro N. of Big Bear Gulch
N88W, 85SW Diabase Gabbro S. of Sherer Ridge
N85W. 71 NE Andésite Peridotite Mumbo Basin
N35E, 57SE Tonalité Gabbro SW of Blue Divide
N70E, 88NW Andésite Gabbro SW of Blue divide
N50W, 65SW Microgabbro Peridotite N. of Toad Lk.
N85E, 74NW Diabase Pyroxenite N. of Toad Lk.
N80E, 72NW Diabase Gabbro S. of Picayune Lk.
N4W, 70NE Diorite Peridotite E. of Deadfall Lks.
N2W, 85NE Diorite Layered Peridotite Bear Ck.
N24W, 76NE Diorite Layered Peridotite Bear Ck.
N4W, 88SW Diorite Layered Peridotite Bear Ck
NIOW. 70SW Diorite Peridotite N. of Deadfall Meadows
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APPENDIX B
SAMPLE CLASSIFICATION AND MODAL MINERALOGY
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SAMPLE CLASSIFICATION AND MODAL MINERALOGY
SAMPLE P 987-33 P987-34 P 987-36 P987-37 P987-38
NAME BASED Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene
ON TEXTURE gabbro gabbro gabbro gabbro gabbro
Olivine 0 0 0 0 0
Orthopyroxene 0 0 0 0 0
Clinopyroxene 12 <1 3 11 7
Plagioclase 0 0 <1 <1 0
Quartz 3 4 1 4 2
Zoisite 61 65 55 59 56
Epidote 1 0 0 0 0
Clinozoisite 2 0 0 0 0
Actinolite 2 0 27 41 24 26
Hornblende <1 <1 0 2 9
Serpentine 0 0 0 0 0
O xides 1 4 <1 <1 <1
SAMPLE P 987-39 P987-40 P987-41 P987-42 P 987-43
NAME BASED Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene
ON TEXTURE gabbro gabbro gabbro gabbro gabbro
Olivine 0 0 0 0 0
Orthopyroxene 0 0 0 0 0
Clinopyroxene 11 7 0 43 0
Plagioclase 1 0 0 0 0
Quartz 2 <1 11 <1 3
Zoisite 57 29 57 30 38
Epidote 0 0 3 0 8
Clinozoisite 0 0 0 0 0
Actinolite 27 50 26 24 38
Hornblende 2 4 6 3 5
Serpentine 0 0 0 0 5
O xides <1 <1 <1 <1 3
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SAMPLE CLASSIFICATION AND MODAL M INERALOGY
SAMPLE P 987-45 P987-48 P 987-52 P988-24 P 987-44
NAME BASED Pyroxene Pyroxene P yroxene Pyroxene Clinopyroxenite
ON TEXTURE gabbro gabbro gabbro gabbro
Olivine 0 0 0 0 0
Orthopyroxene 0 2 0 0 0
Clinopyroxene 0 25 0 0 77
P lagioclase 0 0 0 0 0
Quartz 3 <1 4 <1 0
Zoisite 57 37 50 67 0
Epidote 0 0 0 0 0
Clinozoisite 0 0 0 0 0
Actinolite 38 36 44 30 20
Hornblende 2 0 2 3 0
Serpentine 0 0 0 0 2
Oxides <1 <1 <1 <1 <1
SAMPLE P 987-46 P988-4 P 988-8 P988-9 P 988-10
NAME BASED  
ON TEXTURE
Clinopyroxenite Olivine C iinopyroxene- 
ciinopyroxenite rich w ebsterite
Clinopyroxenite Clinopyroxenite
Olivine 0 5 0 0 0
Orthopyroxene 0 0 8 3 2
Clinopyroxene 88 77 78 49 76
Plagioclase 0 0 0 0 0
Quartz 0 0 0 0 0
Zoisite 0 0 0 0 2
Epidote 0 0 0 0 0
Clinozoisite 0 0 0 0 0
Actinolite 7 8 6 41 8
Hornblende 0 0 0 0 0
Serpentine 4 8 6 7 12
O xides <1 2 3 <1 <1
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SAMPLE CLASSIFICATION AND MODAL M INERALOGY
SAMPLE P 988-13 P988-5A P 987-47 P 987-50 P988-19
NAME BASED Clinopyroxenite 
ON TEXTURE
Lherzolite Andésite Hornblende
andésite
Andésite
Olivine 0 48 0 0 0
Orthopyroxene 3 13 0 0 0
Clinopyroxene 67 19 0 0 0
Plagioclase 0 0 10 0 30
Quartz 0 0 3 5 10
Zoisite 3 0 10 0 5
Epidote 0 0 36 70 5
Clinozoisite 0 0 0 0 25
Actinolite 24 0 40 0 25
Hornblende 0 0 0 25 0
Serpentine 3 13 0 0 0
O xides <1 7 <1 <1 <1
SAMPLE P 988-20 P987-49 P987-51 P988-21
NAME BASED 
ON TEXTURE
A ndésite Hornblende
tonalité
Epidosite T rondhjemite
Olivine 0 0 0 0
Orthopyroxene 0 0 0 0
Clinopyroxene 0 0 0 0
P lagioclase 1 52 0 14
Quartz 25 37 44 39
Zoisite 4 0 19 37
Epidote 25 0 36 6
Clinozoisite 0 0 0 2
Actinolite 45 10 0 0
Hornblende 0 0 0 0
Serpentine 0 0 0 0
O xides <1 1 1 1
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APPENDIX C. PART I
MAJOR AND TRACE ELEMENT ABUNDANCES
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MAJOR AND TRACE ELEM ENT ABUNDANCES
Major
in wt. % P987-33 P987-34 P987-36 P987-37 P987-38 P987-39
SiOz 48.598 47.981 49.05 48.759 46.082 48.93
TiOz 0.118 0.137 0.083 0.093 0.124 0.156
AI2 O 3 22.055 22.062 18.697 20.402 21.922 19.834
FeO* 4.767 5.279 3.521 4.627 5.651 4.977
MnO 0.105 0 . 1 1 1 0.082 0.108 0 . 1 2 1 0.109
MgO 8.449 8 . 8 6 6 11.829 10.092 9.899 1 0 . 2 0 2
CaO 15.249 13.189 15.492 14.573 14.756 15.006
NbzG 0.53 0.95 0.5 0.153 0.119 0.232
K2 O 0.041 0.028 0.027 0.024 0 0.034
P2 O 5 0.072 0.065 0.082 0.076 0.076 0.07
total 99.984 98.668 99.363 98.907 98.749 99.549
L.O.i. 3.303 3.721 2.697 3.412 3.772 2.67
FezOa 5.356 5.931 3.956 5.199 6.349 5.592
Mg# 63.932 62.682 77.062 68.564 63.66 67.211
Trace elem ents in ppm
Sr(X RF) 45.51 42.239 31.734 34.731 45.69 40.125
Y (XRF) 8 . 2 1 8.518 9.846 7.339 7.907 10.274
Nb (XRF) 0.603 0.661 0.727 1.148 0.697 0.64
Cr (XRF) 21.698 30.277 83.976 163.06 22.364 95.998
Ni (XRF) 52.256 50.712 98.396 90.621 67.398 85.796
Zr (XRF) <4 <4 <4 <4 <4 <4
La 0.92 1.25 0.75
Ce 1 . 2 1.73 0.62
Pr 0 . 2 2 0.3 0.19
Nd 0.62 0.84 0.53
Sm 0 . 2 2 0.23 0.26
Eu 0.18 0 . 1 2 0 . 2
Gd 0.35 0.31 0.4
Tb 0.08 0.07 0.08
Dy 0.51 0.43 0.62
Ho 0 . 1 1 0.09 0.14
Er 0.34 0.28 0.42
Tm 0.05 0.04 0.06
Yb 0.31 0.26 0.39
Lu 0.05 0.04 0.06
Ba 2 0 18 6
Th 0.72 0.62 0 . 2 1
Nb 0.26 0.31 0.15
Y 2.93 2.56 3.74
Hf 0 . 1 0.09 0.07
Ta 0 . 0 2 0 . 0 2 0 . 0 1
U 0.07 0.09 0 . 0 2
Pb 0.55 0.82 0.5
Rb 2 . 6 2.3 1 . 1
Cs 0.08 0.06 0.03
Sr 44 34 46
Sc 44.5 45.8 50.7
epsilon Nd
2 0 6 p b / 2 0 4 p b
2 0 7 p b ^ 0 4 p b
2 0 8 p b / 2 0 4 p b
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M A JOR AND TRACE ELEM EN T ABUNDANCES
Major elem ents  
in wt. %
gabbro
P987-40 P987-41 P987-42 P987-43 P987-45 P987-48
SiOz 50.421 50.221 47.413 48.025 48.276 49.476
TiOz 0.104 0.182 0.063 0.1 0.225 0.118
AI2 O 3 15.881 22.99 15.629 22.082 20.219 15.062
FeO* 5.005 4.128 3.193 4.307 6.848 4.837
MnO 0.119 0.097 0.085 0.092 0.149 0.117
MgO 15.131 7.312 15.259 9.438 10.04 15.2
CaO 12.42 13.625 18.054 14.162 12.358 13.682
NajO 0.011 0.886 0.102 0.295 0.227 0.203
KgO 0 0 0.023 0.032 0.031 0
P 2 O 5 0.075 0.075 0.085 0.077 0.074 0.08
total 99.167 99.515 99.907 98.61 98.446 98.775
L.O.I. 3.13 3.282 2.978 3.674 4.018 3.814
F6203 5.624 4.638 3.588 4.839 7.694 5.435
Mg# 75.142 63.916 82.695 68.667 59.451 75.859
trace elem ents in ppm
29.729Sr (XRF) 18.8 44.55 39.682 31.296 53.209
Y(XRF) 7.071 9.454 6.937 8.033 9.267 8.107
Nb (XRF) 0.762 1.27 1.039 1.24 0.853 1.472
Cr (XRF) 260.03 25.941 625.52 71.366 41.516 683.6
Ni (XRF) 101.19 50.712 244.51 67.883 83.416 249.07
Zr (XRF) <4 6.286 <4 <4 <4 <4
La 0.65 0.7 0.52
Ce 0.66 1.16 0.58
Pr 0.16 0.29 0.17
Nd 0.44 1.29 0.57
Sm 0.18 0.55 0.3
Eu 0.11 0.3 0.28
Gd 0.26 0.84 0.48
Tb 0.06 0.16 0.1
Dy 0.41 1.12 0.74
Ho 0.1 0.26 0.17
Er 0.29 0.72 0.48
Tm 0.04 0.1 0.07
Yb 0.29 0.68 0.49
Lu 0.04 0.11 0.08
Ba 6 14 5
Th 0.19 0.13 0.11
Nb 0.12 0.15 0.11
Y 2.45 6.72 4.06
Hf 0.05 0.27 0.08
Ta 0.01 0.01 0.01
U 0.03 0.02 0.02
Pb 0.5 1.04 0.62
Rb 1 0.8 0.9
C s 0.02 0.02 0.03
Sr 19 46 55
Sc 45.5 27.7 51.1
®'Sr/®®Sr 0.703397 0.705632
epsilonNd 7.06789 8.37419
206pjj/20.pb 18.3157 18.5242
207pb^Mpb 15.5368 15.6468
^ P b /^ P b 37.7512 38.07
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MAJOR AND TRACE ELEMEN1r ABUNDANCES
Major elem ents aabbro Dvroxenite
in wt. % P987-52 P988-24 P987-44 P987-46 P988-4 P988-8 P988-9
SiOz 48.186 48.258 54.912 53.508 52.465 52.301 54.489
TiOz 0.143 0.088 0.147 0.106 0.116 0.119 0.128
AI2 O 3 22.352 20.934 3.529 2.236 1.659 2.479 2.032
FeO* 4.384 4.149 4.489 3.87 4.099 5.073 6.69
MnO 0.099 0.095 0.115 0.109 0.122 0.127 0.167
MgO 8.902 10.403 20.169 22 22.52 23.245 25.12
CaO 14.481 15.162 16.879 18.33 18.654 17.217 11.648
NazO 0.585 0.308 0.093 0.017 0.031 0.03 0.004
KzO 0.027 0.023 0 0 0 0 0
P2O5 0.08 0.082 0.075 0.091 0.09 0.091 0.069
total 99.239 99.502 100.408 100.267 99.757 100.682 100.347
L.O.l. 3.492 3.247 1.023 1.987 2.315 1.587 1.854
FezOs 4.926 4.662 5.044 4.348 4.606 5.7 7.517
Mg# 67.002 71.487 81.794 85.041 84.6 82.086 78.969
trace elem ents in ppm
S r (XRF) 52.941 26.808 5.813 5.492 0 0 0
Y (XRF) 9.891 6.721 7.701 5.849 8.595 8.765 9.299
Nb (XRF) 0.906 2.7 1.382 1.479 2.537 1.248 1.549
Cr (XRF) 52.484 46.979 1911.9 1264 2507.5 1439.6 1368.1
Ni (XRF) 56.815 75.496 224.08 199.28 616.17 288.13 379.95
Zr (XRF) <4 c4 <4 <4 <4 <4 <4
La 0.44 0.35 0.48
Ce 0.19 0.25 0.32
Pr 0.14 0.12 0.14
Nd 0.23 0.33 0.39
Sm . 0.14 0.22 0.23
Eu 0.11 0.09 0.1
Gd 0.25 0.42 0.45
Tb 0.05 0.09 0.09
Dy 0.41 0.6 0.66
Ho 0.09 0.14 0.15
Er 0.26 0.38 0.42
Tm 0.04 0.05 0.06
Yb 0.25 0.35 0.36
Lu 0.04 0.05 0.05
Ba 2 2 1
Th 0.02 0.03 0.06
Nb 0.1 0.08 0.12
Y 2.37 3.54 3.76
Hf 0.03 0.06 0.08
Ta 0 0 0
U 0 0.01 0.01
Pb 0.55 0.85 0.33
Rb 0.8 0.1 0.2
C s 0.01 0.02 0.02
Sr 26 1 4
Sc 49 61.3 68.4
®'Sr/®®Sr -
epsilonN d
206pb/2t»pb
207pb^CKpb
208pb/ZWpb
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MA.TQR AND TRACE ELEM ENT ABUNDANCES
Major elem ents pyroxenite | Layered ^eridoiiie mafic ante
in wt. % P988-10 P988-13 P988-5A P987-47
SiOz 52.517 51.488 50.764 54.572
TiOz 0 . 1 1 1 0.113 0.078 0.511
AlzOz 1 . 8 4.847 0.952 17.273
FeO* 5.069 4.539 6.664 5.476
MnO 0.116 0.113 0.162 0 . 1 0 1
MgO 23.441 21.377 32.196 8.092
CaO 16.576 17.337 8.429 9.409
NazO 0 0 0 3.92
KzO 0 0 0 0.398
PzOs 0.089 0.083 0.063 0.086
total 99.719 99.898 99.308 99.839
L.O.I. 3.577 2.461 4.043 2 . 1 1 2
FSzOz 5.696 5.1 7.488 6.153
Mg# 82.219 
trace elem ents in ppm
82.486 82.85 59.641
Sr (XRF) 0 0 0 71.691
Y (XRF) 8.978 8.675 6.909 19.078
Nb (XRF) 1.747 2.059 1.317 0.552
Cr (XRF) 1219.3 1536.7 3347.4 179.35
Ni (XRF) 413.92 244.53 665.69 94.766
Zr (XRF) <4 <4 <4 16.412
La 0.42 0.35 0.35 0.54
Ce 0.28 0.25 0.25 1.4
Pr 0 . 1 2 0 . 1 2 0 . 1 2 0.37
Nd 0.34 0.33 0.33 2 . 2 2
Sm 0 . 2 1 0 . 2 2 0 . 2 2 1.15
Eu 0.08 0.09 0.09 0.47
Gd 0.41 0.42 0.42 1.87
Tb 0.09 0.09 0.09 0.37
Dy 0.64 0 . 6 0 . 6 2 . 6 6
Ho 0.14 0.14 0.14 0.59
Er 0.39 0.38 0.38 1.73
Tm 0.05 0.05 0.05 0.26
Yb 0.36 0.35 0.35 1.67
Lu 0.05 0.05 0.05 0.27
Ba 3 2 2 24
Th 0.04 0.03 0.03 0.07
Nb 0 . 1 1 0.08 0.08 0 . 1 2
Y .3.62 3.54 3.54 15.46
Hf 0.05 0.06 0.06 0.71
Ta 0 0 0 0 . 0 1
U 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1
Pb 0.7 0.65 0.85 0.39
Rb 0 . 2 0 . 1 0 . 1 7.8
Cs 0.04 0 . 0 2 0 . 0 2 0.38
Sr 2 1 1 58
Sc
®'Sr/®^Sr
epsilonNd
206pb;2«pb
207pb/204pb
208pb;2Wpb
66.5 61.3 61.3 39
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M AJOR AND TRACE ET.EMENT ABUNDANCES
Major elem ents mafic diices " ^ T S I s S c  diKes tonalité
in wt. % P988-19 P988-20 P987-50 P987-49 P987-51 P988-21
SiOz 57.471 53.027 55.333 78.139 63.006 73.737
TiOz 0.908 0.829 0.667 0.296 0.872 0.407
AlzOz 17.821 18.121 15.844 14.009 16.605 14.025
F eO ' 7.906 7.069 6.708 0.634 7.425 3.5
MnO 0.12 0.16 0.139 0.013 0.154 0.05
MgO 4.77 7.444 8.316 0.476 2.439 1.027
CaO 5.761 7.196 7.989 1.463 6.835 3.579
NazO 4.268 4.97 4.138 4.395 2.337 4.035
KzO 0.05 0.039 0.548 1.112 0.088 0.11
PzO. 0.103 0.093 0.098 0.048 0.074 0.094
total 99.177 98.948 99.78 100.584 99.835 100.564
L.O.l. 2.827 2.856 1.811 0.726 2.231 1.238
FezOa 8.883 7.943 7.537 0.712 8.343 3.933
Mg# 37.629 51.291 55.353 42.879 24.723 22.683
trace elem ents in ppm
Sr (XRF) 68.059 67.12 147.54 101.37 56.792 64.548
Y (XRF) 32.194 28.427 21.454 13.113 42.234 56.999
Nb (XRF) 1.453 1.377 1.313 0.474 1.364 1.564
Cr (XRF) 23.356 50.277 310.33 0 19.685 0
NI (XRF) 50.712 74.83 138.36 50.712 50.712 50.712
Zr (XRF) 41.928 35.857 34.15 42.911 33.395 51.288
La 0.95 1.63 0.95 0.79 0.91 1.5
Ce 3.02 4.47 3.02 2.53 3.15 4.97
Pr 0.63 0.83 0.63 0.44 0.73 1.01
Nd 3.64 4.75 3.64 2.48 4.75 6.32
Sm 1.67 2.06 1.67 0.86 2.52 2.97
Eu 0.63 0.69 0.63 0.87 0.91 1.04
Gd 2.47 3.02 2.47 1.06 3.79 4.58
Tb 0.47 0.55 0.47 0.20 0.79 0.89
Dy 3.17 3.79 3.17 1.30 5.51 6.08
Ho 0.71 0.86 0.71 0.29 1.24 1.4
Er 2.08 2.43 2.08 0.86 3.46 4.06
Tm 0.3 0.35 0.3 0.14 0.51 0.59
Yb 1.95 2.3 1.95 0.95 3.36 3.69
Lu 0.31 0.35 0.31 0.16 0.51 0.6
Ba 110 13 110 184 8 29
Th 0.12 0.19 0.12 0.13 0.08 0.12
Nb 0.34 0.48 0.34 0.31 0.21 0.37
Y 18.78 22.94 18.78 8.04 30.25 39.05
Hf 1.07 1.32 1.07 1.09 1.33 1.67
Ta 0.03 0.03 0.03 0.02 0.03 0.04
U 0.04 0.07 0.04 0.01 0.01 0.04
Pb 2.16 0.87 2.16 0.23 0.64 0.63
Rb 6.6 0.6 6.6 10.9 1.0 1.3
Cs 0.18 0.02 0.18 0.03 0.02 0.02
Sr 158 81 158 85 56 64
Sc 38.9 46.4 38.9 5.2 43.2 21.8
= 'S r/^S r 0.703772 0.706132 0.703772
epsilonNd 7.21152 7.25486 7.21152
206pb;204pb 18.3505 18.732 18.3505
Z07pb;204pb 15.4979 15.532 15.4979
2O0pb;2O4pb 37.7836 38.1066 37.7836
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M AJOR AND TRACE ELEMENTAL ABUNDANCES
Major element oxides and trace elements listed (XRF) were analyzed by X-ray 
fluorescence. All other trace element abundances were determined by induced coupled 
plasma mass spectrometer (ICP-MS).
Mg# = M gO/ (MgO + FeO) x 1(X)
FeO* as total Fe
FeO = (Total FezO] - Fe^Os)/ 0.89
where
XRF analysis calculated Fe as Total FezO? 
and
FenO) = Total Fe^Os x 0.135.
Samples P987-49, P987-51. P988-21 were matrix corrected.
XRF detection limit for Zr is 4 ppm.
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APPENDIX C. PART 2 
PRECISION AND ACCURACY FOR XRF ANALYSES
119
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
PRECISION AND ACCURACY FOR XRF ANALYSES
Primary calibration standards for the Rigaku 3030 X-ray Fluorescence Mass spectrometer at 
University of Nevada. Las Vegas. Standards include United States 
Geological Survev. National Bureau of Standards, and French Standards
Major Elements Trace Elements
AGV-1 AGV-1
AL-1 AN-G
BHVO-1 BHVO-1
BR BIR-1
DNC-1 DR-N
GA G-2
GS-N GS-N
GSP-1 GSP-1
PCC-1 MAG-1
QLO-1 Mica Mg
RGM-1 NSB-688
Sco-1 PCC-1
STM-1 QLO-1
W-2 RGM-1
Sco-1
W-2
Accuracy and precision for the Rigaku 3030 X-ray Fluorescence Mass Spectrometer. Data from 
20 unknown runs of NBS-688 (major element). 25 unknown runs of MAG-1 (Rb. Sr. Zr), 10 
unknown runs of MAG-1 (Y. Nb). and 12 unknown runs of DNC-1 (Cr. Ni) using the Rh X-ray 
tube installed Sept.. 1997.
Element ± % Precision ±% accuracy
SiOz 0.4 0.1
AI2O3 0.4 1.7
TiOz 1.4 2.8
FezOa 0.5 2.4
MgO 0.6 2.5
CaO 0.4 1.2
NazO 3.2 0.1
KzO 2.5 11.9
MnO 2.0 2.6
P2O5 3.2 45.0
Rb 1.8 6.1
Sr 1.7 1.2
Zr 1.7 3.3
Y 10.3 15.2
Nb 29.8 19.7
Cr 1.9 1.7
Ni 2.1 8.9
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PRECISION FOR ICP-MS ANALYSES
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PRECISION FOR ICP-MS ANALYSES
Precision of the Inductively Coupled Plasma- Mass Spectrometer at Washington State 
University. Data reported is from twenty-four replicate analysis of WSU in-house standard 
BCR-P.
Element
ppm
Mean of 24 
replicate analysis
Standard
deyiation
Mean relat 
% error
La 26.26 0.49 1.86
Ce 51.67 0.62 1.2
Pr 6.32 0.06 0.98
Nd 27.36 0.48 1.75
Sm 7.03 0-15 2.07
Eu 2.13 0.05 2.48
Gd 6.75 0.08 1.13
Tb 1.17 0.01 1.12
Dy 7.14 0.1 1.33
Ho 1.44 0.02 1.53
Er 4.05 0.06 1.37
Tm 0.55 0.01 1.23
Yb 3.36 0.03 0.94
Lu 0.52 0.01 1.9
Ba 670 13 1.89
Th 5.13 0.49 9.5
Nb 13.31 0.29 2.16
Hf 4.67 0.07 1.47
Ta 0.82 0.02 2.7
U 1.15 0.11 9.34
Pb 9.11 0.29 3.23
Rb 48.1 0.7 1.39
Cs 0.96 0.03 3.06
Sc not reported
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APPENDIX D
EQUATIONS
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EQUATIONS
Loss on ignition (LOI)
LOI = [(weighti-weightf)/ weigthi ] x 100% 
where
weight, -  weightf = weight of water in the sample 
weightf = weight of the sample
Modal batch melting
C, = Co/[D + F(l-D)] 
where
Cl = concentration in the liquid 
Co = concentration in the solid
D = distribution coefficient based on mode of the mantle and melting 
F = fraction of melt generated
Residual mantle
Cr = C| X D 
where
Cr = concentration of the residue
Cl = concentration of fertile mantle
D = distribution coefficient based on mode of the mantle
Fractionation equation
C, = Co F^ '
where
C| = concentration in the liquid phase 
Co = concentration in the solid phase 
D = bulk distribution coefficient
F = fraction of liquid remaining after fractional crystallization
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Bulk cumulate equation
Q  = C o [ ( l - F > ( l - F ) ]
where
Cs = mean concentration of bulk cumulate 
Co = concentration o f initial parental magma 
D = bulk distribution coefficient 
F = fraction crystallized
125
R e p ro d u c e d  with p e rm iss ion  of th e  copyrigh t ow ner.  F u r th e r  rep roduction  prohibited w ithout perm iss ion .
REFERENCES CITED
Albers, J.F.. Kistler, R.W., and Kwak, L., 1981, The Mule Mountain stock, an early 
Middle Devonian pluton in northern California: Isochron West, v. 31, p. 17.
Albers, J.P., and Bain, J.H.C., 1985, Regional setting and new information on some 
critical geologic features of the West Shasta District. California: Economic 
Geology, v. 80. p. 2072-2091.
Barker, F., Millard, H.T., Jr., and Knight, R.J., 1979, Reconnaissance geochemistry of
Devonian island-arc volcanic and intrusive rocks. West Shasta district. California, 
in Barker. F.. ed.. Trondhjemites, dacites and related rocks: New York, Elsevier, 
p. 531-545.
Bau. M.. 1991, Rare-earth element mobility during hydrothermal and metamorphic fluid- 
rock interaction and the significance of the oxidation state of europium: Chemical 
Geology, v. 93, p. 219-230.
Bau, M., and Knittle, U., 1993, Significance o f slab-derived partial melts and aqueous 
fluids for the genesis of tholeiitic and calk-alkaline island-arc basalts: Evidence 
from Mt. Arayat, Philippines: Chemical Geology, v. 105, p. 233-251.
Beattie. P., Ford. C., and Russell, D., 1991, Partition coefficients for olivine-melt and
orthopyroxene-melt systems: Contributions to Mineralogy and Petrology, v. 109, 
p. 212-224.
Bence, A.E., and Taylor, B E., 1985, Rare earth element systematics of West Shasta 
metavolcanic rocks: petrogenesis and hydrothermal alteration: Economic 
Geology, v. 80, p. 2164-2176.
Bender. J.F., Hodges. F.N., and Bence, A.E., 1978, Petrogenesis of basalts from the
project FAMOUS area: experimental study from 0-15 kbars: Earth and Planetary 
Science Letters, v. 41, p. 277-302.
Ben Othman, D.. White, W.M., and Patcheti, J., 1989, The geochemistry of marine 
sediments, island arc magma genesis, and crust-mantle recycling: Earth and 
Planetary Science Letters, v. 94, p. 1-21.
Bloomer, S.H., Taylor, B., MacLeod, C.J., Stem, R.J., Fryer, P., Hawkins, J.W., and
Johnson, L., 1995, Early arc volcanism and the ophiolite problem: a perspective 
from drilling in the western Pacific, in Taylor, B., and Natland, J., eds.. Active 
margins and marginal basins o f the Western Pacific: Washington D C., American 
Geophysical Union, p. 1-30.
126
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
127
Bloomer. S.H., and Hawkins. J.W .. 198?. Gabbroic and ultramafic rocks from the
Mariana trench: An island arc ophiolite, in Hayes, D.E., ed.. The tectonic and 
geologic evolution o f southeast Asian seas and islands (Part II), Geophysical 
Monograph Series, v. 27: W ashington D.C., American Geophysical Union, p. 
294-317.
Boudier, F.. LeSueur, E., and Nicolas, A., 1989, Structure of an atypical ophiolite: The 
Trinity complex, eastern Klamath Mountains, California: Geological Society of 
America Bulletin, v. 101, p. 820-833.
Brouxel. M., and Lapierre, H., 1988, Geochemical study of an early Paleozoic island-arc- 
back-arc basin system: Part 1: The Trinity ophiolite (northern California): 
Geological Society o f America Bulletin, v. 100, p. 1111-1119.
Brouxel, M., and Lapierre, H., M ichard, A., and Albarede, F., 1988, Geochemical study 
of an early Paleozoic island-arc-back-arc basin system: Part 2: Eastern Klamath, 
early to middle Paleozoic island-arc volcanic rocks (northern California): 
Geological Society o f America Bulletin, v. 100, p. 1120-1130.
Brouxel, M.. Lapierre, H., Michard, A., and Albarede, F., 1987, The deep layers of a
Paleozoic arc: geochemistry o f the Copley-Balaklala series, northern California: 
Earth and Planetary Science Letters, v. 85, p. 386-400.
Burke, W.H.. Denison, R.E.. Hetherington, E.A., Koepnick, R.B., Nelson, N.F., and Otto, 
J.B.. 1982, Variation of seawater ®’Sr/®^Sr throughout Phanerozoic time: Geology. 
V .  10, p .  516-519.
Cannat, M.. and Lecuyer, C., 1991. Ephemeral magma chambers in the Trinity peridotite, 
northern California: Tectonophysics, v. 186, p. 313-328.
Cashman, S.M., 1980, Devonian metamorphic event in the northeastern Klamath
Mountains, California: Geological Society of America Bulletin, v. 91, p. 453-459.
Coleman, R.G., 1977, Ophiolites: Ancient oceanic lithosphere?: New York, Springer- 
Verlag, 229 p.
Coleman, R.G., 1986, Ophiolites and accretion of the North American Cordillera:
Bulletin of the Geological Society o f France, v. 6, p. 961-968.
Colson, R.O., and Gust, D., 1989, Effects of pressure on partitioning o f trace elements 
between low-Ca pyroxene and melt: American Mineralogist, v. 74, p. 31-36.
Colson, R.O., McKay, G A., and Taylor, L.A., 1988, Temperature and composition 
dependencies o f trace element partitioning Olivine/melt and low-Ca 
pyroxene/melt: Geochimica Et Cosmichimica Acta, v. 52, p. 539-553.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
128
Crawtbrd. A.J., Falloon. T.J., and Green. D.H., 1989. Classification, petrogenesis, and 
tectonic setting of boninites, in Crawford, A.J., ed., Boninites and related rocks: 
London, Unwin Hyman, p. 1-49.
Dunn, T., and McCallum, I.S., 1982, The partitioning of Zr and Nb between diopside and 
melts in the system diopside-albite-anorthite: Geochimica et Cosmichimica Acta, 
V. 46, p. 623-629.
Elderfield. H., and Greaves, M.J., 1982, The rare earth elements in seawater: Nature, v. 
300, p. 493-497.
Floyd, P. A., and Winchester, J.A., 1975, Magma type and tectonic discrimination using 
immobile elements: Earth and Planetary Science Letters, v. 27. p. 211-218.
Forsythe, L.M., Nielsen, R.L.. and Fisk, M R., 1991, New experimentally determined 
clinopyroxene-melt high field strength element partition coefficients [abs.]: Eos 
(Transactions, American Geophysical Union), v. 72, p. 548.
Fuis. G .S.. Zucca, J.J., Mooney, W.D., and Milkereit, B., 1987, A geologic interpretation 
of seismic-refraction results in northeastern California: Geological Society of 
America Bulletin, v. 98, p. 53-65.
Fujimaki, H.. and Tatsumoto, M., 1984, Partition coefficients o f Hf, Zr, and REE 
between phenocrysts and groundmass, in Proceedings, H*** Lunar Planetary 
Science Conference, Part 2, Journal of Geophysical Research, v. 89, p. B662- 
B672.
Gaetani. G.A., and Grove, T.L., 1991, Partitioning o f Ce and Yb between pyroxene and 
basaltic to andesitic melts: influence of mineral chemistry vs. melt structure 
[abs.]: Eos (Transactions, American Geophysical Union), v. 72, p. 547-548.
Green, D.H., 1973, Experimental melting studies on a model upper mantle composition at 
high pressure under water-saturated and water-unsaturated conditions: Earth and 
Planetary Science Letters, v. 19, p. 37-53.
Green, T.H., Sie. S.H., Ryan, C.G., and Cousens, D R., 1989, Proton microprobe-
determined partitioning of Nb, Ta, Zr, Sr, and Y between garnet, clinopyroxene 
and basaltic magma at high pressure and temperature: Chemical Geology, v. 74,
p. 201-216.
Green, T.H., and Pearson, N.J., 1985, Rare earth element partitioning between
clinopyroxene and silicate liquid at moderate to high pressure: Contributions to 
M ineralogy and Petrology, v., 91, p. 24-36.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
129
Gmau, G.. Bemard-Griffiths. J.. Lecuyer. C.. Henin. O.. .Mace. J.. and Cannat. M., 1995, 
Extreme isotopic variation in the Trinity Ophiolite Complex and the role of 
melt/rock reactions in the oceanic lithosphere: Contributions to Mineralogy and 
Petrology, v. 121, p. 337-350.
Hart, S.R., and Dunn, T., 1993, Expérimental cpx/melt partitioning of 24 trace elements: 
Earth and Planetary Science Letters, v. 40. p. 203-219.
Hawkesworth, C.J., 1982, Isotope characteristics of magmas erupted along destructive 
plate margins, in Thorpe, R.S., ed.. Andésites, orogenic andésites and related 
rocks, Chichester, John W iley and Sons, p. 549-571.
Hawkins, J.W., Jr., 1995. The geology o f the Lau basin: in Taylor, B., ed., Backarc 
basins: Tectonics and Magmatism: New York, Plenum Press, p. 63-138.
Hawkins. J.W , Jr.. 19S0. Petrology o f back-arc basins and island arcs; their possible role 
in the origin o f ophiolites, in Panayiotou, A., ed., Ophiolites; Proceedings, 
International ophiolite symposium: Nicosia, Cyprus, Cyprus Ministry of 
Agriculture and Natural Resources, Geological Survey Department, p. 244-254.
Hickey-Vargas, R., 1989, Boninites and tholeiites from the DSDP Site 458, Mariana 
forearc, in Crawford, A.J., ed., Boninites and related rocks: London, Unwin 
Hyman, p. 340-354.
Hogdahl, O.T., Bowen, B.T., and Melson, S., 1968, Neutron activation analysis of
lanthanide elements in seawater: Advances in Chemistry Series, no. 73, p. 308- 
325.
Hole. M.J., Saunders, A.D., Marriner, G.E., and Tamey, J., 1984, Subduction of pelagic 
sediments: implications for the origin of Ce-anomalous basalts from the Mariana 
Islands: Journal o f the Geological Society, London, v. 141, p. 453-472.
Humphris, S.E., and Thompson, G., 1978, Hydrothermal alteration of oceanic basalts: 
Geochimica Et Cosmichimica Acta, v. 42, p. 107-125.
Irvine, T.N., Anderson, J.C. 0 ., and Brooks, C.K., 1998, Included blocks (and blocks
within blocks) in the Skaergaard intrusion: Geologic relations and the origins o f 
rhythmic modally graded layers: Geological Society of America Bulletin, v. 110, 
p. 1398-1447.
Jacobsen, S.B., Quick, J.E., and Wasserburg, G.J., 1984, A Nd and Sr isotope study o f  the 
Trinity peridotite-Implications for mantle evolution: Earth and Planetary Science 
Letters, v. 68, p. 361-378.
Jenner, G.A., Foley, S.F., Jackson, S.E., Green, T.H., Fryer, B.J., and Longerich, H P., 
1993, Determination of partition coefficients for trace elements in high pressure-
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
130
temperature experimental run products by laser ablation microprobe-inductively 
coupled plasma mass spectrometry (LAM-ICP-MS): Geochimica Et 
Cosmichimica Acta, v. 57, p. 5099-5103.
Johnson, K.T.M., and Kinzler, R.J., 1989, Partitioning of REE. Ti, Zr, Hf, and Nb
between clinopyroxene and basaltic liquid, an ion microprobe study [abs]: Eos 
(Transactions. American Geophysical Union), v. 70, p. 1388.
Kennedy. A.K., Lofgren, G.E., and Wasserburg, G.J., 1993, An experimental study of
trace element partitioning between olivine, orthopyroxene and melt in chondrules: 
equilibrium values and kinetic effects: Earth and Planetary Science Letters, v.
115, p. 177-195.
Kistler. R.W.. McKee. E.H., Futa, K., Peterman, Z.E., and Zartman, R.E., 1985, A
reconnaissance Rb-Sr, Sm-Nd, U-Pb, and K-Ar study of some host rocks and ore 
minerals in the West Shasta Cu-Zn district. California: Economic Geology, v. 80, 
p. 2128-2135.
Knaack, C.. Cornelius, S., and Hopper, P., 1994, Trace element analyses of rocks and
minerals by ICP-MS: http://www.wsu.edu:8080/-geology/pages/services/icp.htm, 
4 p.
Lanphere. M.A.. Irwin, W.P., and Hotz, P.E., 1968, Isotopic age of the Nevadan orogeny 
and older plutonic and metamorphic events in the Klamath Mountains: Geological 
Society of America Bulletin, v. 79, p. 1027-1052.
Lapierre. H., Albarede, F , Albers, J.P., Cabanis, B., and Coulon, C., 1985, Early
Devonian volcanism in the eastern Klamath Mountains, California: Evidence for 
an immature island arc: Canadian Journal Earth Science, v. 22, p. 214-227.
Lindsley-Griffm, N., 1991, The Trinity Complex: A polygenetic ophiolitic assemblage: in 
Cooper, J.D., and Stevens, C.H., eds.. Paleozoic paleogeography of the western 
United States: v. 2, Pacific Section: Society for Sedimentary Geology, p. 589-608.
Lipman, P.W., 1964, Structure and origin o f an ultramafic pluton in the Klamath 
Mountains, California: American Journal of Science, v. 262, p. 199-222.
McKay, G.A., 1986, Crystal/liquid partitioning of REE in basaltic systems: Extreme
fractionation of REE in olivine: Geochimica et Cosmichimica Acta, v. 50, p. 69- 
79.
McKay, G.A., 1989, Partitioning of rare earth elements between major silicate minerals 
and basaltic melts, in Lippin, B.R., and McKay, G.A., eds.. Geochemistry and 
Mineralogy of Rare Earth Elements: Reviews in Mineralogy, Mineralogical 
Society of America, v. 21, p. 45-77.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
131
Menzies, M., and Seyfried. K., 1979. Basalt seawater interaction: Trace element and Sr 
isotope variations in experimentally altered glassy basalts: Earth and Planetary 
Science Letters, v. 44, p. 463-472.
Metcalf, R.V., Wallin, E.T., Willse, K.R., and Muller, E.R., 1999, Geology and
geochemistry of the ophiolitic Trinity terrane, California: Evidence of mid- 
Paleozoic ultradepleted supra-subduction zone magmatism in a proto-arc setting, 
in Dilek, Y., Moores, E., Elthon. D., and Nicolas, A., eds., Ophiolites and oceanic 
crust: New insights from field studies and ocean drilling program: Geological 
Society of America Memoir (in press).
Michard, A., Albarede, P., Michard, G., Minster, J.F.. and Chalou, J.L., 1983, Rare-earth 
elements and uranium in high-temperature solutions from the East Pacific Rise 
hydrothermal vent field (13 degrees N): Nature, v. 303, p. 795-797.
Nielsen, R.L., Gallahn, W.E., and Newberger, F., 1992, Experimentally determined
mineral-melt partition coefficients for Sc, Y, and REE for olivine, orthopyroxene, 
pigeonite, magnetite, and ilmenite: Contributions to Mineralogy and Petrology, v.
110, p. 488-499.
Peacock. S.M., 1987, Creation and preservation of subduction-related inverted
metamorphic gradients: Journal o f Geophysical Research, v. 92, p .12763-12781.
Peacock, S.M., and Norris, P.J., 1989, Metamorphic evolution of the Central
Metamorphic Belt, Klamath Province, California: an inverted metamorphic 
gradient beneath the Trinity peridotite: Journal of Metamorphic Petrology, v. 7, p. 
191-209.
Pearce, J.A., 1996, A user's guide to basalt discrimination diagrams, in Wyman, D.A., 
ed.. Trace element geochemistry o f volcanic rocks: Applications for massive 
sulphide exploration: Geological Association of Canada, Short Course Notes, v.
12, p. 79-113.
Pearce, J.A., 1983, The role of sub-continental lithosphere in magma genesis at 
destructive plate margins, in Hawkesworth. C.J., and Norry, M.J., eds..
Continental basalts and mantle xenoliths: Nantwich. Shiva, p. 230-249.
Pearce, J.A., 1982, Trace element characteristics o f lavas from destructive plate
boundaries, in Thorpe, R.S. ed.. Andésites: orogenic andésites and related rocks: 
Chichester, Wiley, p. 525-548.
Pearce, J.A., Baker, P.E., Harvey, P.K., and Luff, I.W.. 1995, Geochemical evidence for 
subduction fluxes, mantle melting and fractional crystallization beneath the South 
Sandwich island arc: Journal o f Petrology, v. 36, p. 1073-1104.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
132
Pearce, J.A., and Parkinson. I.J.. 1993. Trace element models for mantle melting:
application to volcanic arc petrogenesis, in Prichard, G.M., Alabaster, T., Harris, 
N.B.W., and Neary, C.R., eds., Magmatic processes and plate tectonics: 
Geological Society Special Publication No. 76, p. 373-403.
Pearce, J.A.. van der Laan, S R., Arculus, R.J., Murton, B.J., Ishii, T., Peate, D.W., and 
Parkinson. I.J.. 1992. Boninite and harzburgite from leg 125 (Bonin-Mariana 
forearc): A case study o f magma genesis during the initial stages of subduction, in 
Fryer, P., Pearce, J.A., and Stokking, L.B., and 28 others. Proceedings of the 
Ocean Drilling Program, Scientific Results, Leg 125: College Station, Texas. 
Texas A&M university, p. 623-659.
Pearce. J.A., Lippard. S.J., and Roberts, S., 1984, Characteristics and tectonic
significance o f supra-subduction zone ophiolites. in Kokelaar, B.P., and Howells, 
M.F.. eds.. Marginal Basin Geology: London, Blackwell Scientific, p. 77-94.
Pearce, J.A., and Norry, M.J., 1979, Petrogenetic implications of Ti, Zr, Y, and Nb
variations in volcanic rocks: Contributions to Mineralogy and Petrology, v. 69, p. 
33-47.
Peterson, S.W., Barnes, C.G., and Hoover, J.D., 1991, The Billy’s Peak mafic complex of 
the Trinity sheet, California: roots of a Paleozoic island arc, in Cooper, J.D., and 
Stevens, C H., eds.. Paleozoic paleogeography of the western United States: v. 2. 
Pacific Section: Society for Sedimentary Geology, p. 625-633.
Perfit, J.A., Gust, D.A.. Bence, A.E.. Arculus, R.J., and Taylor, S R., 1980, Chemical 
characteristics of island-arc basalts: implications for mantle sources: Chemical 
Geology, v. 30, p. 227-256.
Plank, T, and Langmuir, C H., 1998, The chemical composition of subduction sediment 
and its consequences for the crust and mantle: Chemical Geology, v. 145, p. 325- 
394.
Quick, J.E., 1981, Petrology and petrogenesis of the Trinity peridotite, an upper mantle 
diapir in the eastern Klamath Mountains. California: Journal of Geophysical 
Research, v. 86, p. 11837-11863.
Rautenschlien, M., Jenner, G.A., Hertogen, J., Hoffman, R., Kerich, H., Schmincke,
H.U., and White, W.M., 1985, Isotopic and trace element composition of volcanic 
glasses from the Akaki Canyon, Cyprus: implications for the origin of the 
Troodos ophiolite: Earth and Planetary Science Letters, v. 75, p. 369-383.
Ray, G.L., Shimizu, N., and Hart, S R., 1983, An ion microprobe study of the partitioning 
of trace elements between clinopyroxene and liquid in the system diopside-albite- 
anorthite: Geochimica et Cosmichimica Acta, v.47, p. 2131-2140.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
133
Serri, G.. 1981, The petrochemistry of ophiolitic gabbroic complexes: a key for the 
classification of ophiolites into low-Ti and hi-Ti types: Earth and Planetary 
Science Letters, v. 52, p. 203-212.
Skulski, T.. and Watson, E.B., 1992, Partitioning of Ti, Y, Zr, Nb, Hf, and Ta between
clinopyroxene and silicate melts [abs.]: Eos (Transactions, American Geophysical 
Union), v. 74, p. 342.
Smith. J.L., Metcalf. R.V., and Wallin, E.T., 1999, Geochemical comparison of Silurian 
and Devonian mafic intrusive complexes. Trinity terrane, California: Evidence of 
33 million years of supra-subduction zone magmatism in a proto-arc setting: 
Geological Society of America Abstracts with Programs, v. 31, no. 6, p. A96.
Steele. I.M.. and Lindstrom. D.J., 1981, Ni partitioning between diopside and silicate 
melt: A redetermination by ion microprobe and recognition of an experimental 
complication: Geochimica Et Cosmichimica Acta, v. 45, p. 2177-2183.
Stem. R.J.. and Bloomer. S.H., 1992, Subduction zone infancy: examples from the
Eocene Izu-Bonin-Mariana and Jurassic California arcs: Geological Society o f 
America Bulletin, V .  104, p. 1621-1636.
Sun. S.S.. and McDonough, W.F., 1989, Chemical and isotopic systematics of oceanic 
basalts, implications for mantle composition and processes, in Saunders, A.D., 
and Norry, M.J., eds., Magmatism in the Ocean Basin, Geological Society Special 
Publication No. 42, p. 313-345.
Sun, S.S., Nesbitt, R.W., and Sharaskin, A.Y., 1979, Geochemical characteristics o f mid­
ocean ridge basalts: Earth and Planetary Science Letters, v. 44, p. 119-138.
Sverjensky, D.A., 1984, Europium redox equilibria in aqueous solution: Earth and 
Planetary Science Letters, v. 67, p. 70-78.
Taylor, R.N., Murton, B.J., and Nesbitt, R.W., 1992, Chemical transects across intra- 
oceanic arcs: implications for the tectonic setting of ophiolites, in Parson, L.M., 
Murton, B.J., and Browning, P., eds., Ophiolites and their modem oceanic 
analogues: Geological Society of London Special Publication 60, p. 117-132.
Valsami, E., and Cann, J R., 1992, Mobility of rare earth elements in zones of intense
hydrothermal alteration in the Pindos ophiolite, Greece, in Parson. L.M., Murton. 
B.J., and Browning, P., eds., Ophiolites and their modem oceanic analogues: 
Geological Society of London Special Publication 60, p. 219-232.
van der Laan, S R., Flower, M.F.J., and Koster van Groos, A.F., 1989, Classification, 
petrogenesis, and tectonic setting of boninites, in Crawford, A.J., ed., Boninites 
and related rocks: London, Unwin Hyman, p. 112-147.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
134
Vukadinov ic. D.. 1993. Are Sr enrichments in arc basalts due to plagioclase 
accumulation?: Geology, v. 21, p. 611-614.
Wagner, D.L., and Saucedo. G.J., 1987, Geologic map of the Weed quadrangle: Regional 
Geological Map Series N.4A, California Division of Mines and Geology, v .- l:  
250,000.
Wallin. E.T.. and Metcalf. R.V., 1998, Supra-subduction zone ophiolite formed in an 
extensional forearc: Trinity terrane, Klamath Mountains, California: Journal of 
Geology, v. 106, p. 591-608.
Wallin. E.T., Coleman, D.S., Lindsley-Griffm, N., and Potter, A.W., 1995, Silurian 
plutonism in the Trinity terrane (Neoproterozoic and Ordovician), Klamath 
Mountains, California, USA: Tectonics, v. 14, p. 1007-1013.
Wallin, E.T.. and Gehrels, G.E., 1995, Sedimentary record of Silurian volcanism reveals 
denudation o f the Trinity terrane and the timing of siliciclastic sedimentation in 
the Yreka terrane, northern California: Geological Society of America Abstracts 
with Programs, v. 14, p. 83.
Wallin, E.T.. and Trabert, D.W., 1994, Eruption-controlled epiclastic sedimentation in a 
Devonian trench-slope basin: Evidence from sandstone petrofacies, Klamath 
Mountains, California: Journal of Sedimentary Research, v. A64, p. 373-385.
Willse. K. R., 1999. Geochemistry and petrogenesis of the Bonanza King complex.
Trinity terrane, California: [M.S. thesis]: Las Vegas, Nevada. University of 
Nevada-Las Vegas, 130 p.
White, W.M., and Patchett, J., 1984. Hf-Nd-Sr isotopes and incompatible element 
abundances in island arcs: implications for magma origins and crust-mantle 
evolution: Earth and Planetary Science Letters, v. 67, p. 167-185.
Wood, D.A., 1980, The application of aTh-H f-Ta diagram to problems of
tectonmagmatic classification and to establishing the nature o f crustal 
contamination o f basaltic lavas of the British Tertiary volcanic province: Earth 
and Planetary Science Letters, v. 50, p. 11-30.
Woodhead, J.D., Eggins, S.M., and Johnson, R.W., 1998, Magma genesis in the New 
Britain island arc: Further insights into melting and mass transfer processes:
Journal o f Petrology, v. 39, p. 1641-1668.
Woodhead. J.D., 1989, The origin of geochemical variations in Mariana lavas: a general 
model for petrogenesis in intra-oceanic island arcs?: Journal o f  Petrology, v. 29, 
p. 805-830.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
135
Yogodzinski. G.M.. Kay. R.W., Volynct.s. O.N.. Koloskov. A.V.. and Kay. S.M., 1995, 
Magnesian andésite in the western Aleutian Komandorsky region: Implications 
for slab melting and processes in the mantle wedge: Geological Society of 
America Bulletin, v. 107, p. 505-519.
Yogodzinski, G.M., Volynets, O.N., Koloskov, A.V., Seliverstov, N.I., and Matvenkov, 
V.V., 1994, Magnesian andésites and the subduction component in a strongly 
calc-alkaline series at Piip volcano, far western Aleutians: Journal of Petrology, v. 
35, p. 163-204.
Zartman, R.E., and Doe, B.R., 1981, Plumbotectonics-the model: Tectonophysics, v. 75, 
p. 135-162.
Zindler, A., Jagoutz, E., and Goldstein, S., 1982, Nd, Sr, and Pb isotopic systematics in a 
three component mantle: a new perspective: Nature, v. 298, p. 519-523.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
VITA
Graduate College 
University o f Nevada. Las Vesas
Edward R. Muller
Local Address:
3931 Shaw Blvd.
St. Louis. MO 63110
Degrees:
Bachelor of Science. Geology. 1997
Sonoma State University. Rohnert Park, California
Special Honors:
Graduate with Distinction. Sonoma State University, 1997
Publications:
Muller. E.R.. Metcalf. R.V.. and Wallin, E.T.. 1999. Ultradepleted supra-subduction 
zone magmatism of the Devonian Porcupine Lake mafic intrusive complex. Trinity 
terrane. California: Geological Society of America Abstracts with Programs, v. 31. 
no. 6. p. A. 81
Metcalf. R.V.. Wallin. E.T.. Willse. K.R., and Muller, E.R., 1999, Geology and 
geochemistry of the ophiolitic Trinity terrane. California: Evidence o f mid-Paleozoic 
ultradepleted supra-subduction zone magmatism in a proto-arc setting, in Dilek. Y.. 
Moores, E.. Elthon, D.. and Nicolas. A., eds., Ophiolites and oceanic crust: New 
insights from field studies and ocean drilling program: Geological Society of America 
Memoir (in press).
Thesis Title: Petrogenetic Study o f the Porcupine Lake Mafic Intrusive Complex. Trinity 
Terrane, Northern California
Thesis Examination Committee:
Chairperson, Dr. Rodney V. Metcalf, Ph.D.
Committee Member, Dr. E. Timothy Wallin, Ph.D.
Committee Member, Dr. W anda J. Taylor. Ph.D.
Graduate Faculty Representative, Dr. Dawn S. Neuman, Ph.D.
136
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
NOTE TO USERS
O v e rs iz e  m a p s  a n d  c h a r t s  a r e  m ic ro f ilm e d  in  s e c t i o n s  in
th e  fo llo w in g  m a n n e r :
LEFT TO RIGHT, TOP TO BOTTOM, WITH 
SMALL OVERLAPS
UMI
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
K è r î g ^ o o  L a k e  ^  K angoT^  
/Camoc■^/ arnpgLOund _  • , /C S ._ L a |(g .
''^ :^ u .6 o a o T
 #
obbersl , / ,  fcadD^-:^
A ' '
/ ' ;
t i f  a  \  a \t---- 6-—t.--C I rv n
M ;  f ! \'— / % 1 \
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited w ithout perm iss ion .
. . . . Æ//80-^S - / \l  ' "Ti ^
ü a r e  \ RocicFàncè \
Lifke . I ! ) y  ^
■ X V ' - -  '^ - v^{Là’eàr\! 1
obbersl / ,
(w T ^
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
2R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
«« .Y S ; %t)
coU
o
3O
I
c2
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
D escription of M ap Units
Qs ! Quaternary Sediment- Glacial till, alluvium, or colluvium that completely covers bedrock
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Mesozoic Diorite- Porphyritic hornblende diorite
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Dgd I
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Dg
px/g
Dike Swarm- Consists of >80% east-west trending dikes intruded into 
gabbro. Dikes are mostly aphanitic basalt and basaltic andésite, 
with some aphanitic and phaneritic felsic varieties. Dikes contain 
peridotite, pyroxenite, and/or gabbro xenolfths.
Tonalité Felsic dikes of tonalité lithology
Devonian Gabbro with High Dike Concentrations- Gabbro 
intruded by 30 to 80% east-west trending dikes. Gabbro contain 
peridotite and pyroxenite xenoliths.
Peridotite with High Dike Concentration»^
Peridotite intruded by 30 to 80 % east-west trending dikes.
Devonian Gabbro-Isotropic pyroxene gabbro, with minor cumulate 
pyroxene gabbro, and pegmatitic hornblende pyroxene gabbro. Contains 
peridotite and clinopyroxenite xenoliths. Uranium-lead isotopic dating 
of zircons from pegmatitic gabbro yield Early Devonian 404 +/- 3 Ma age 
(Wallin and Metcalf, 1998).
Pyroxenite/Gabbro- Heterogeneous mixture of clinopyroxenite 
or intrusive pyroxenite and Devonian gabbro.
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Clinopyroxenite- Cumulate clinopyroxenite, containing peridotite 
xenoliths.
Layered peridotite- Macrorythmic layers consisting of dunite and 
websterite interlayered on the centimeter scale, intruded by very 
coarsely crystalline clinopyroxenite.
Intrusive pyroxenite- Cumulate olivine clinopyroxenite with 
peridotite xenoliths.
Op I Ordovician Peridotite- Dunite, harzburgite, with minor Iherzolite. Sm-Nd mineral isochron age o f472 +/- 32 Ma reported for a plagioclase 
Iherzolite (Jacobsen, et al., 1984).
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